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Lasers locked to optical cavities produce electromagnetic waves with exceptional frequency
stability. The optical signals from optical-cavity stabilized lasers have applications in precision
spectroscopy and optical atomic frequency standards. These signals can be used in gravitational
wave detection and tests of fundamental physics, such as models for weakly interacting dark mat-
ter candidates. Using femtosecond frequency combs, the stability of the optical cavities can be
transferred to the microwave regime. These microwave sources have some of the lowest phase noise
of any microwave source. These microwave signals can be used for radar, better communications
technology, and GPS.

The pursuit of portable vacuum-gap reference cavities arises from the need for rigid, compact,
and robust laser frequency stabilization solutions in demanding and unpredictable environments.
Many applications, such as portable optical atomic clocks, earthquake detection using undersea
optical fiber, and low phase noise microwave generation, require sub- 10~13 instability in the optical
domain, but the size, weight, and infrastructure demands of large or cryogenic cavity systems are
incompatible with these applications. To address these challenges, I designed and developed three
compact optical cavities. These designs represent promising steps towards achieving high stability
performance while overcoming the limitations of traditional cavity systems, thereby opening up new
possibilities for practical applications that require precise and portable laser frequency references.

The first design involves a series of two cavities with 6.3 mm long spacers made of ULE. These
cavities were specifically tailored for low phase noise microwave generation. These cavities offer
compactness while aiming to maintain high stability levels (1 —2 x 107*). One of the two cavities
has 25.4 mm diameter ULE mirrors and is referred to as the ULE-ULE cavity. The other cavity has

12.7 mm diameter F'S mirrors and is referred to as the FS-ULE cavity. High-bandwidth locking of



iii
the FS-ULE cavity demonstrates thermal noise limited laser noise to nearly 10 kHz. The ULE-ULE
cavity was brought to a telecom fiber launch site and demonstrated remote operation. Both the
FS-ULE cavity and the ULE-ULE cavity were used in a novel measurement of the cavity holding
force sensitivity. The acceleration sensitivity of the FS-ULE cavity is better than 6 x 107101
along all mechanical axes.

The second design targets a portable Yb lattice clock. The spacer is made of ultra-low
expansion (ULE) glass and is 25 mm long and 50 mm in diameter. The fused silica (FS) mirrors
are 25.4 mm in diameter and 6.35 mm long with 10.2 m radius of curvature and crystalline coatings.
This cavity has a thermal noise limited fractional frequency instability of ~ 10715, The design is
highly symmetric, and the acceleration sensitivity is better than 2 x 10710 per g along all mechanical
axes. Preliminary phase noise measurements of a laser locked to the cavity show more than 90dB
suppression of the free running laser noise, and thermal noise limited performance between 1 and
10 Hz. Preliminary measurements of the ADEV show that the laser lock is likely suffering from
residual amplitude modulation (RAM) noise and drifting due to temperature. Further efforts are

expected to improve the long-term stability of the cavity.
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Noise calculations for the different cavities. The spacer Brownian calculation includes

strain energy calculated in COMSOL. The Brownian noise terms for the Yb Cavity

all come from COMSOL as well (we used no analytical models for backing rings, but

one could be made). All other values come from analytical solutions. The reason

the thermoelastic noise is 0 for the ULE-ULE mirror is that the C'TE of ULE is very

small near any of the temperatures we would typically operate this cavity. This term

in no significant in the total noise calculation.| . . . . . . . ... ... ..o
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6.1

A table of the parameters used in the COMSOL CTE simulations ot the portable

Yb Cavity. Note that the expression for the secant CTE of ULE is only valid when

Tror = T0] -« o o o o o e
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A table of the values used to calculate the acceleration sensitivity of the portable Yb

axis. L'he acceleration noise spectrum PSD and the phase noise PSD are taken using

the same resolution bandwidth, 940 mHz. The height ot the peak in the acceleration

noise PSD and in the phase noise PSD are entered into columns 2 and 3 and the

acceleration sensitivity is calculated using these values. The modulation frequency

1s 11 Hz. For the V direction modulation, the 3rd and 5th harmonic are also visible

on the phase noise PSD and can be used to calculate the acceleration sensitivity. |. .

83



Figures

Figure

1.1 Photographs ot the cavities described in this thesis. The slightly larger cavity, re- |

| ferred to as the Yb cavity in the text, has a 25 mm long spacer that is 50 mm in |

| diameter. The other two cavities have the same spacer, which is 6.3 mm long and |

| 27 mm in diameter. These cavities get referred to as the FS-ULE cavity and the |

| ULE-ULE CAVITY] - - « « o o oo e e e e e e e e 3

|I1.2  There 1s a large variety of optical cavity shapes to date. In general, cavities have |

| fractional instability inversely proportional to L. Longer cavities have lower/better |

| mstability. The instability number plotted here is the minimum reported stability. |

| The black stars with the red outlines represent the cavities in this work. The other |

| cavities shown here in order from shortest to longest are: red star [I], green circle |

| I, yellow hexagon [3], blue square [4, 5], brown diamond [6], orange pentagon [7} 8], |

| purple triangle [0, 10], green triangle [11], yellow plus sign [12, 3], red star [14], |

| green x |15]. The cavities in this work operate in the upper left hand corner of this |

| plot. Traditional quartz mircowave oscillators, which 1s not shown in this plot, is |

| typically > 10750, | . . . . 5
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There are many types of cm-scale frequency references each with their own ad-

vantages and disadvantages in terms of size, weight, portability, power require-

ments, cost, scalability/manufacturability, and environmental sensitivity. The se-

lected works in this plot are [16], [17], 18], [19], [20], [21], the ULE-ULE cavity from

this thesis [22], and another compact vacuum gap FP [1]. In general, operating at the

10~ level requires a vacuum enclosure. As compact vacuum-gap Fabry-Pérot be-

come easler to produce, they become a very attractive option for low noise frequency

references. . . . . . . . e e e e

P.1

The ratio of the COMSOL simulated strain energy and the calculated stain energy

(which assumes that the stain is applied evenly over the spacer endfaces) versus

cavity length in a Yb-like cavity. The assumption of uniform stain becomes more

problematic in compact cavities, but the stain energy can easily be solved numerically

in COMBOLL oo oo

P2

Fractional frequency noise at 1s vs cavity length for a Yb-like cavity. By using

crystalline coatings and large ROC substrates, higher performance can be fit into a

compact cavity. | . . . . ... Lo e

B

Top row: the cavity transmission, reflection dip, and reflection phase as the laser

1s swept through the cavity resonance. Lower left: basic PDH scheme. Laser light

is sent through an elector-optic modulator (EOM) where sidebands are applied. A

circulator is used to collect the reflected light on a photodetector (PD). This signal

1s mixed with the same frequency applied to the EOM to create the error signal

(shown on the bottom right). This error signal is supplied to a loop filter (LF) or

servo, which sends feedback to the laser. | . . . . . ... ... ... ... .......
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a) Photograph of the optical cavity, which is 27 mm in diameter. The spacer is 6.3

mm thick and the mirrors are 12.7 mm in diameter and 6.35 mm thick. b) Photo-

graph of the optical cavity in its mounting structure. The mounting structure sits

on top of a Macor spacer and is placed inside of a heat shield, also pictured. c) Ex-

ploded cartoon view of the holding structure. The cavity is suspended in the Invar

mounting structure by two Viton o-rings. These o-rings are held in place by two

Invar holders. Note the notch on the holder that prevents the o-ring from rotating

when the structure is assembled. Finally, threaded retaining rings are applied to

rigidly hold the cavity in place. | . . . . . . .. . ... oo oo

m2

a) Simplified block diagram of the optical cavity system. A 1550 nm laser is sent

through a fiberized AOM then EOM. The light is then split in fiber. Some of the

stabilized light 1s sent to the optical cavity. The 1550 nm laser is stabilized to

the optical cavity resonance using feedback to the laser PZT, AOM, and EOM. A

frequency diplexer (not shown) is used at the radio frequency (rf) input of the EOM

so that the EOM can be used for both the PDH sideband generation (at 50 MHz)

and feedback control. The transmission detector can provide a relative intensity

noise (RIN) servo error signal, but is only utilized during flip tests to stabilize the

intracavity power because the alignment 1s attected by the optical breadboard flexing.

b) Stabilized laser light is sent on to be compared to two different optical references.

One is another cavity-stabilized laser at 1550 nm. The other is a comb that is

frequency-referenced to a cavity-stabilized 1156 nm laser [13]. Software defined radio

(SDR) is used to track the phase of the signals, which are then cross-correlated to

remove uncommon noise in the frequency combs and beat note detection.| . . . . . .
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4.3

Measured phase noise of the free-running commercial laser in blue, cavity-stabilized

laser phase noise in green, the cavity thermal noise limit in black, an optical frequency

divider in gold [23], and state-of-the-art photodetector phase noise at 10 GHz in

brown [24]. The shaded region is an estimation of the statistical measurement limit

of the cross-spectrum measurement of the cavity-stabilized laser phase noise given the

single channel measurement levels [25]. The number of averages for each frequency

oftset band are: f < 100 Hz; 13 averages, 100 Hz < t < kHz; 125 averages, 1 kHz <

f < 10 kHz; 1257 averages, 10 kHz < <1 MHz; 7954 averages. Note that the noise

of the cavity-stabilized laser stays near the thermal noise limit to ~ 10 kHz offset.

Because the phase noise ot the cavity-locked laser above 1 kHz ofiset frequency is at

or below a state-otf-the-art photodetector level, this cavity can serve as a compact,

low-noise reterence for OFD microwave generation.| . . . . . ... ... ... .. ...
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iz

Measured fractional frequency stability expressed as an Allan deviation (ADEV) of

a laser locked to the primary cavity and the all-ULE cavity. An external AOM was

used to compensate for a linear drift of 136 Hz/s on the locked laser. There was a

residual drift of 14 Hz/s at the time of the measurement. The all-ULE cavity did

not have a drift canceling AOM and the drift rate was substantially lower, 3 Hz/s

at room temperature and 2 Hz/s at 55 °C. Note that the all-ULE Cavity is thermal

poise Iimited at 1 sat 55 °C. | . . . . . . . . . e
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A system diagram for the laser locked to the portable Yb cavity. A commercially

available 1156 nm external cavity diode laser (Littrow grating design), is used for the

lock. The laser is coupled into fiber atter two stages of built-in free-space isolation.

A fiberized Acousto-Optic Modulator (AOM) is in the path, which is present for RIN

feedback if needed. Then a fiber splitter is used to divide the light. One tree-port

can be used as the stabilized light output or a tree space splitter may be used as

well. Then the light is sent through a fiberized EOM, which is used to provide the

sidebands involved in the PDH lock. Atter the AOM, the light is launched back into

free space, where it passes through an isolator (ISO) before the circulator, which

is comprised of a Faraday-Rotator (FR) and a polarization beam splitter (PBS).

Transmitted light 1s detected and so i1s the reflected light. The reflected light is

mixed with the same microwave frequency as is applied to the EOM, and this signal

1s the error signal provided to the servo or loop filter tor the PDH lock. The PDH

lock provides feedback to the piezo (PZT) and the current of the ECDL.| . . . . ..

52

Preliminary phase noise measurements of the laser locked to the portable Yb cavity.

Free running laser noise 1s shown in gold: two measurement techniques are required to

measure this noise - both a frequency to voltage converter and a vector network signal

analyzer was used in this measurement. The in-loop estimations of the electronic

noise and random amplitude modulation (RAM) contribution are shown in the two

purple traces. The measured out-of-loop phase noise 1s shown in blue. The estimated
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5.3

A tew preliminary fractional frequency instability, ADEV, measurements of the Yb

Portable optical cavity. These measurements were taken periodically while trying

to find the zero-CTE point of the cavity, which was, unexpectedly, not tound below

55°C. These measurements of the ADEV are all significantly above the thermal noise

limit. One suspected problem is the RAM, which is contributing even at 1 Hz/1s

in the phase noise measurement. An active RAM cancellation lock may make an

improvement here. |. . . . . ... Lo
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[6.1

The Yb cavity geometry in COMSOL. The model is axis-symmetric around r=0.

Technically, only the top halt of what is drawn here is needed because the cavity is

symmetric in the plane perpendicular to the optical axis (r=0 axis) as well. |. . . . .

49

(6.2

The right side axis and pink plot is the simulated fractional length change of the

portable Yb cavity design at difterent temperatures. Note that there is an arbitrary

offset in the sense that the user sets the zero length change temperature, 7, where

L = Lg. The Left side axis and purple trace is the instantaneous CTE of the

cavity as a function of temperature. Where this line crosses zero, the cavity is the

least sensitive to temperature. This plot is for the simulation of the Yb cavity with

all of the default/expected parameters. The zero-crossing in this case ~ 44°C [ . . .

52

6.3

This plot demonstrates the sensitivity of the cavity C'TE to the zero-crossing of the

ULE used in the spacer when there are no backing rings on the cavity. The cavity

CTE is not very sensitive the ULE CTE zero-crossing. This method cannot be used

to change the eftective cavity C'TE to above room temperature. | . . . . . ... ...

6.4

This plot shows that the cavity C'TE is sensitive the C'TE zero-crossing of the ULE

used in the spacer and the backing rings. With backing rings, the strain between

the mirror and spacer is minimized and the zC'TE of the cavity is nearly the zCTE

of the spacer.| . . . . . . . e
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[6.5

This plot shows the cavity C'T'E dependence on backing ring inner radius. In this

case, 1 mm diameter represents nearly a full disk and 10 mm diameter represents the

thinnest ring simulated. More backing ring contact with the mirror represent causes

a higher cavity CTE, but a hole in the backing ring is required for the AR coating

on the mirror and to avoid etalons in the backing ring. | . . . . . ... ... ... ..

[6.6

This plot shows how the cavity CTE depends on the thickness or height of the

backing ring. There are diminishing returns for increasing backing ring thickness.

There 1s almost no change in the cavity CTE zero-crossing from 6mm-10mm. |. . . .

[6.7

This plot demonstrates cavity CTE dependence on contact area when there is no

backing ring. Imperfections in mirror or spacer polishing can limit the contact area.

Without a backing ring, these variations can make the exact cavity CTE at room

temperature difficult to predict. | . . . . . ...

[6.8

This plot demonstrates cavity C'TE dependence on contact area when a backing ring

1s applied to the cavity mirrors. Impertections in mirror or spacer polishing can limit

the contact area. However, the presence of a backing ring, reduces the eftective C'TE

sensitivity to stain in the mirror-spacer interface and also variations in contact area.

| 57

[6.9

A measurement of the cavity trequency vs temperature. A a parabolic fit 1s used to

estimate the expected zero-crossing. | . . . . . . . . . . ... .

6.10

The measured instantaneous cavity C'TE vs the COMSOL simulated cavity CTE. | .

61T

The simulated CTE of the cavity when the displacement in the holding rings is equal

to the displacement of the holding structure (worst case scenario). The effective cav-

ity C'TE does change in these conditions, but not enough to explain the discrepancy

in the measured cavity CTE. | . . . . . . . . .. . .

6.12

A measurement of the relative frequency shift of the all ULE mm-scale cavity versus

temperature. Surprisingly, no zero-crossing was found below 55 °C. The spacer was

made of legacy ULE stored at NIS'T and has unkown material properties| . . . . . .
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6.13

The simulated (blue) and calculated (orange) transfer function for two layers of

aluminum heat shields with an emissivity of 0.4. The time constant of this system

i1s greater than haltaday. |. . . . ... ... ... .. ... . 000,

6.14

Photograph ot the optical cavity mount and the heat shields. The mounting structure

1s made of heat-treated Invar. The structure supported by PEEK screws and PEEK

spacers are used to separate the heat shields. PEEK is used because of 1ts low thermal

conductivity. The heat shields are made of Aluminum and have been polished to

increase the emissivity. In this photo a PEEK base plate is used to attach the

structure to a 6”7 CF vacuum flange, however, this piece was later replaced with an

1dentically shaped Macor part. This was because the PEEK base plate was tound

to increase the vacuum pressure of the chamber. PEEK is considered a vacuum-

compatible material at the pressures we are interested in, ~ 10~ Torr, so there

may have been a problem with this particular sample. We make no claim about the

vacuum compatibility of these materials.| . . . . . . . ... ... .. ... ...

64

[6.15

Laser frequency change versus time for two different temperature changes applied to

the outside of the vacuum can for the Ybcavity. |. . . . . . .. ... ... ... ...

71

A cartoon demonstrating how where a linear elastic cylinder is held on its endtaces

might change the length along the z-axis of the cylinder. In the first case, when the

edges of the cylinder are compressed, the cylinder bows outward, representing and

increase in cavity length. In the second case, when the compression occurs along the

center of the cylinder, the endfaces bow inward, representing a decrease in cavity

length. . . . . o o
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72

A holding force sensitivity plot for the Yb cavity based on COMSOL simulations.

With the green trace, the spacer diameter is set to 40 mm. There is no holding

force zero-crossing before the edge of the spacer with this cavity. In the gold trace,

the spacer diameter is set to 50 mm. There is a zero-crossing in the holding force

sensitivity near 45 mm in this case. In general, more “pancake-like” (R larger than

L) cylindrical cavities have holding force zero-crossings. | . . . . . . . . ... ... ..

(7.3

Left: an exaggerated cartoon showing the contact area between the mirror and

spacer. Right:A plot showing holding force sensitivity vs o-ring diameter for the

ULE-ULE cavity. Each trace represents a different contact area between the mirror

and spacer. From top to bottom the contact area decreases. The contact area

between the mirror and spacer is a variable that can be difficult to control exactly

due to variations in the polishing step and a very small sag in the mirror for large

radius of curvature, but the green trace is the ideal and the blue trace is similar to

what we observed 1n the lab as the clear area between the mirror and spacer. . . . .
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72

a) Photographs of the primary cavity and the supplemental all-ULE cavity. The

cavities have identical spacers, but different mirrors. b) Experimental results showing

the holding force sensitivity’s dependence on o-ring size, demonstrating excellent

agreement with the finite element analysis results, which are shown as shaded regions.

The y-error bars are a combination of the standard deviation in the frequency shift

measurement and the uncertainty in the mass of the weight applied. This does not

include any systematic offsets. The x-axis uncertainty is an estimate based on the

thickness of the o-ring (1 mm). Simulations incorporated a range of mirror-spacer

contact areas, where the contact annulus width varied from 3.2 mm to 2.5 mm in

the FS-ULE cavity, and 6.4 mm to 5.1 mm in the all-ULE cavity. | . . . . ... ...
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[7.5

Photographs of the flip table that was used in the F5-ULE cavity acceleration sensi-

tivity measurement next to a cartoon illustration of how the cavity orientation will

change during the flip. In this case, the cavity vacuum vent hole goes from pointing

up to pointing down. | . . . . . . ... e

[7.6

Preliminary acceleration sensitivity measurement of the FS-ULE cavity using the

flip tests. A linear drift (presumably due to temperature) has been removed from

the measurement. Mechanical axis 1 corresponds to the flip which takes the vent

hole on the cavity from up to down. Mechanical axis 2 flips the cavity axis that is

perpendicular to both the vent hole and the optical axis. Mechanical axis 3 flips

the optical axis. The acceleration sensitivity of axes 1, 2, and 3 are 3 x 10~ ¢!

2

4x 1070 and 1 x 10~V | . . ..o

77

a) Diagram of the cavity indicating the mechanical axis along which the cavity is

flipped. In the red flip test, the cavity vent hole goes trom up to down. In the

blue flip test, the optical axis is flipped, and in the black flip test, the mechanical

axis which 1s perpendicular to both the vent hole and the optical beam 1s Hipped.

b) Flip test measurements of the primary cavity acceleration sensitivity. The cavity

1s flipped along three mechanical axes inducing a 2g acceleration change while a

laser stays locked to the cavity. The change in frequency is observed. Linear drift,

attributed to cavity temperature change, is removed from the data. The worst axis 1s

6 x 10_10% per g, and this axis corresponds to flipping the vent hole up and down.

The asymmetry caused by the vent hole is likely contributing to higher acceleration

sensitivity along this axis.| . . . . . . . . . . ... .




[7.8

Phase noise measurement of the portable Yb cavity against a reterence. The refer-

ence noise level is significantly above the noise of the portable Yb cavity, but it is

low enough to see some phase noise response at the modulation tone for the accel-

eration sensitivity measurement. The green trace is the phase noise when there is

no modulation. The red trace is the V modulation, which is closely aligned with g.

The light blue trace is the H1 modulation, which 1s closely aligned with the optical

axis of the cavity. The dark blue trace i1s the H2 modulation perpendicular to the

previous two axes. [ . . . . ... e e e

(7.9

The acceleration noise spectrum when the v-direction modulation is engaged. The

measurement 1s taken along all three mechanical axes to confirm the coupling to the

other axesis minimal. |. . . . . . . . . e

[7.10

The acceleration noise spectrum when the HI1-direction modulation is engaged. The

measurement 1s taken along all three mechanical axes to confirm the coupling to the

other axesis minimal. |. . . . . . . . . e

71T

The acceleration noise spectrum when the H2-direction modulation is engaged. The

measurement 1s taken along all three mechanical axes to confirm the coupling to the

other axesis minimal. |. . . . . . . . . e

B1

Map of the underwater telecom fibers from TeleGeography [26].| . . . . . . . . . . ..

85

82

Photographs showing packaging and shipping of the ULE-ULE cavity. The free space

optical components, fiber components, vacuum can and cavity all fit inside of a box

that is 15.7 in x17.7in x14in. This box fits inside of a Pelican shipping case and

was mailed to the fiber launch site. A NEG ion pump combo is used to maintain

vacuum. [he ion pump was not on durring the shipping stages. At the launch site,

this box and a few additional microwave components are installed in a standard 18”

rack. Further reductions in the volume ot the cavity stabilized laser system will be

implemented in future demonstrations.|. . . . . . ... ... 0oL
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[8.3

Light from the cavity stabilized laser is sent through a single side band EOM which

applies a sawtooth frequency sweep (there are actually two polarization channels

each with separate sawtooth trequency sweeps - these channels can be separated at

the end). The fiber is then sent under the Atlantic ocean. There are periodic erbium-

doped fiber amplifiers (EDFA) which are followed by fiber Bragg gratings which send

a small portion of the line monitoring signal backwards through a separate fiber. This

signal 1s normally used to check the health of the amplifiers, but can be used for our

purposes as the sensing light. Back at the launch site, the return signal is combined

with a portion of the cavity stabilized light before frequency modulation, detected,

and digitally demodulated. For details on the signal acquisition please see Mazur et

!

Plots ot the trequency noise ot each reflector. The color indicates the closeness of

the detector with dark navy representing detectors that are close to the fiber launch

and light teal representing detectors that are further away. The right plot shows the

measurement made using a commercial etalon stabilized laser. The left plot shows

the fiber noise measurement using our cavity stabilized laser. These measurements

were made at different times, so it 1s possible that the fiber noise changed in between

these measurements. However, 1t does look like there may be some reterence-limited

noise above 100 Hz. In this region, the cavity stabilized laser looks like it would be a

better choice as a reterence laser. Note that at the low frequency end, there is little

variation between the spans with either laser. This is because the noise in the first

few reflectors is dominating and the further spans are not contributing much. |

90
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with dark navy representing detectors that are close to the fiber launch and light

teal representing detectors that are further away. | . . . .. ... .. ... ... ...
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[8.6 A comparison of the noise spectrum measured with a commercial available etalon |

stabilized laser vs the compact cavity stabilized laser. Below 100 Hz, no obvious |

improvement to the noise can be identified when comparing the two systems. Some |

bands look quieter, but hard to make a conclusion knowing that the fiber noise |

may be different in the two measurements. From 100 Hz — 10 KHz, we see an |

improvement in the noise. However, above 1 kHz, both systems appear to be limited |

by laser noise, though the cavity stabilized noise level appears lower. The color |

indicates the closeness of the detector with dark navy representing detectors that |

are close to the fiber launch and light teal representing detectors that are turther |




Chapter 1

Introduction

Lasers frequency-locked to the resonance of a vacuum-gap Fabry-Pérot (FP) optical cavity
have reached fractional frequency instability lower than 1 x 10716 at 1 s of averaging time [15, [10].
The frequency instability is inherited from the fluctuations in cavity length as sampled by an optical
beam. The sampled length fluctuations can be reduced to less than the diameter of a proton. Such
extraordinary performance in laser frequency stability has aided in the advancement of state-of-
the-art laboratory optical atomic clocks, with applications in the redefinition of the SI second [28]
and tests of fundamental physics [29]. The best fractional frequency stabilities in cavity-stabilized
lasers are achieved by exploiting long cavity lengths (up to ~ 48 cm [30, [15]), operation at cryogenic
temperatures [10], and extensive environmental isolation by way of vibration-insensitive mounting
and multiple layers of thermal isolation [31],[32]. However, many out-of-the-lab applications of stable
lasers, such as portable optical atomic clocks [33], earthquake detection using undersea optical fiber
[34], and low phase noise microwave generation via optical frequency division (OFD) [35], 23], benefit
from the sub-10~'3 stability available in the optical domain, but are incompatible with the size,
weight, and infrastructure requirements of large or cryogenic cavity systems. Furthermore, short
cavities have the potential for inherently low acceleration sensitivity without the need for active
vibration stabilization [36].

The search for laser frequency reference cavities that are rigidly held, have reduced size and
weight, and can operate in harsh and unpredictable environments has led to the development of both

solid-state dielectric resonators [I8| [19] 17, 20, 21], and compact vacuum-gap FPs [I], 4, [3, 37, 7, 3T,



38]. Solid-state dielectric resonators are impressively small, typically millimeter-scale, and, in some
cases, can be manufactured at scale. However, these resonators suffer from higher thermorefractive
noise and temperature sensitivity that has limited the fractional frequency instability to the 10713
level and above [21]. By placing the optical mode in vacuum and using low expansion materials,
compact and rigidly held FPs can reach fractional frequency stabilities ~ 1 x 107® with a cavity
volume near 60 mL [I]. Notably, simulations of the noise of vacuum-gap FPs predict that their size
can be reduced to only a few milliliters while maintaining fractional frequency stability performance
well below the 10713 level of the best solid-state dielectric resonators; indeed, a recent demonstration
of a 10 mm-long, 8 mL-volume cavity reached 6x 1071 [39], albeit without testing of holding force or
acceleration sensitivity. Thus, there remains a compelling performance space that can be achieved
with a compact FP optical frequency reference, provided that a laser locked to the FP can operate
with noise at or near the cavity thermal noise limit, and the FP has low acceleration and holding
force sensitivity.

In this thesis we will present two main designs for portable vacuum-gap reference cavities.

e A series of two cavities with 6.3 mm long spacers that have been designed with low phase

noise microwave generation in mind
e An optical cavity designed for a portable Yb lattice clock with a 25 mm long spacer.

A photograph of these cavities can be found in Fig. and a table with a basic description of
the cavities can be found Table The Yb cavity has an ultra-low expansion (ULE) glass spacer,
fused silica (F'S) mirrors, and ULE backing rings. The FS-ULE cavity has F'S mirrors and a ULE
spacer. The ULE-ULE cavity has ULE mirrors and a ULE spacer.

The measurements on the FS-ULE cavity and the ULE-ULE cavity are complete. The
ULE-ULE cavity is currently being used in another system to generate microwaves [40]. The
measurements on the Yb cavity are only preliminary and further efforts are needed to demonstrate
the full performance capabilities of this system. I report the preliminary results in the thesis and

simulation work so that future members of the lab may return to this cavity if desired to pick up



Low phase noise microwave generation

Yb Mobile Clock

Cavity FS-ULE ULE-ULE
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Figure 1.1: Photographs of the cavities described in this thesis. The slightly larger cavity, referred
to as the Yb cavity in the text, has a 25 mm long spacer that is 50 mm in diameter. The other
two cavities have the same spacer, which is 6.3 mm long and 27 mm in diameter. These cavities
get referred to as the FS-ULE cavity and the ULE-ULE cavity.

Table 1.1: Physical descriptions of the cavities designed in this work.

Yb Cavity FS-ULE Cavity ULE-ULE Cavity
Spacer length 25 mm 6.3 mm 6.3 mm
Spacer diameter 50 mm 27 mm 27 mm
Spacer material ULE ULE ULE
Mirror length 6.35 mm 6.35 mm 6.35 mm
Mirror diameter 25.4 mm 12.7 mm 25.4 mm
Mirror substrate material FS FS ULE
Mirror coating material crystalline (GaAs/AlGaAs) dielectric dielectric
Mirror ROC 10.2 m 1m 1m
ULE backing ring? Yes No No
Number of vent holes 4 1 1
Measured finesse 330,000 680,000 940,000

Design wavelength 1156 nm 1550 nm 1550 nm




where I leave it off.

1.1 How does this work fit into the existing body of research?

In order to understand the relevance of this work it makes sense to summarize a selection
of the previous work to date on both vacuum-gap FPs and cm-scale frequency references. There
have been many vacuum-gap FP cavities to date with many different sizes and shapes. A selection
of these works can be found in Fig. [I.2] which is a plot of fractional instability vs. cavity spacer
length. In general, longer cavities have lower instability, with some advantages given to cavities
that operate at cryogenic temperatures or utilize crystalline materials in the coatings. However,
longer cavities are typically more sensitive to vibration and acceleration and cryogenic systems are
typically not portable. For portable systems, it makes sense to aim for more compact geometries
that have passive vibration-insensitivity.

The cavity designs in this work build off of a previous design from this lab [I], which is
cylindrical. The cylindrical geometry has a high degree of symmetry (important to low vibration
sensitivity) and it has two flat endfaces, which can be used to mount the cavity. It is also a relatively
simple shape which can manufactured easily.

There are also a number of other resonator types, and a selection of cm-scale resonators can
be found in Fig. Each of these resonators has advantages and disadvantages, but to achieve
frequency instabilities at the 107 level or better typically requires vacuum operation. This is
because when the resonant light propagates through a material or gas, it picks up additional
thermo-refractive noise. One potential disadvantage of vacuum-gap FP cavities, is the use of
standard mirrors, which are shaped and polished in small batches. However, there have been
recent advances showing that cavity mirrors can be made using lithographic techniques [41] and
these cavities can even be integrated with waveguide-based lasers [42]. Additionally, a new result
from Liu et al. shows how a cavity might be vacuum bonded in order to eliminate the bulky vacuum

can and ion-pump typically required for vacuum-gap devices [43].



Fractional Instability

4 6 8 10 20 40 60 100 200 400 8O0
Cavity length (mm)

Figure 1.2: There is a large variety of optical cavity shapes to date. In general, cavities have
fractional instability inversely proportional to L. Longer cavities have lower/better instability. The
instability number plotted here is the minimum reported stability. The black stars with the red
outlines represent the cavities in this work. The other cavities shown here in order from shortest
to longest are: red star [1], green circle [2], yellow hexagon [3], blue square [4], [5], brown diamond
[6], orange pentagon [7, [§], purple triangle [9] 0], green triangle [I1], yellow plus sign [12, [13], red
star [14], green x [I5]. The cavities in this work operate in the upper left hand corner of this plot.
Traditional quartz mircowave oscillators, which is not shown in this plot, is typically > 10713,
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Figure 1.3: There are many types of cm-scale frequency references each with their own advan-
tages and disadvantages in terms of size, weight, portability, power requirements, cost, scalabil-
ity /manufacturability, and environmental sensitivity. The selected works in this plot are [16], [17],
[18], [19], [20], [21], the ULE-ULE cavity from this thesis [22], and another compact vacuum gap FP
[1]. In general, operating at the 10~ level requires a vacuum enclosure. As compact vacuum-gap
Fabry-Pérot become easier to produce, they become a very attractive option for low noise frequency
references.



1.2 Chapter descriptions

In chapter 2| T will describe the fundamental noise limit of a FP and how to calculate and
optimize this property. Chapter [3| is about locking the laser to the cavity using PDH locking.
Chapter [4 is about measurements made on the FS-ULE and ULE-ULE cavity. Chapter [f]is about
the preliminary measurements made on the Yb cavity. Chapter [6]and chapter [7] are about reducing
a cavity’s sensitivity to temperature and acceleration, respectively. Chapter [§] is about using the

ULE-ULE cavity in a real-world application: undersea fiber-optic cables as sensors.



Chapter 2

Thermal Noise Limit

Lasers locked to optical cavities have a fundamental noise limitation arising from the volu-
metric and temperature fluctuations in the spacer, mirrors, and mirror coatings. There are different

kinds of noise sources with different names:

e Brownian noise of the spacer, mirror substrate, and mirror coatings: a solid at a finite
temperature undergoes random volumetric fluctuations, causing the surface of the solid to

move relative to its center of mass.

e Thermoelastic noise in the mirror substrate: stochastic temperature fluctuations cause the

substrate to change its length through the material coefficient of thermal expansion.

e Thermo-optic noise in the mirror coating: stochastic temperature fluctuations cause changes
in length of the coating through the coefficient of thermal expansion and through temperature-

dependent index changes of the material.

In this section I will describe the different noise sources and how to calculate their noise contri-
butions either analytically or numerically. I will also provide the calculated noise for each of the

cavities described in this thesis.

2.1 Fluctuation Dissipation Theorem

To quantitatively determine the thermal noise limit of a laser locked to a cavity, there are

two approaches. Firstly, one can treat the optical cavity mechanical motions as a set of discrete



modes, each populated by thermal energy [44, [45]. Each mode has a mechanical quality factor,
dictating the frequency range over which the noise of that mode is spread. Additionally, each mode
has an effective coefficient that describes the displacement experienced by the mirrored surface
when the mode is excited to a certain amplitude. By summing the contributions from all relevant
modes, we obtain the overall noise level. This method provides a clear mechanical picture, but
is cumbersome because it can involve identifying and calculating the noise resulting from many
mechanical resonances.

The second approach involves the Fluctuation Dissipation Theorem (FDT) [46]. The FDT
relates irreversible dissipative processes (like those where heat is produced) with thermally driven
fluctuations. The impedance of a particular physical variable is related to the fluctuations of
that same variable in thermodynamic equilibrium. This is the generalized relationship for Johnson-
Nyquist Noise (where the voltage noise in thermal equilibrium is related to the electrical resistance),
grey body radiation (where the absorption is related to the radiation in thermal equilibrium), and
Brownian motion (where drag is related to the motion in thermal equilibrium).

Levin’s direct approach to calculating the thermal noise uses the FDT and is often the pre-
ferred method for calculating the noise in optical cavities [47]. For an optical cavity, the fluctuations
that we are after are those that change the distance between the two mirrors, x, as sampled by the
optical beam. These length fluctuations fundamentally limit the fractional frequency fluctuations,
Sy(f) = Su(f)/L?, in the laser locked to the optical cavity (assuming all other sources of noise
are suppressed). The power spectral density in the length fluctuations, S, (f), can be calculated
by applying a force, Fy, in the shape of the optical beam on each mirror surface. For a Gaussian

beam, we apply the pressure function:

_ 2F() 6_2r

2

A cos(27 ft), (2.1)

P(t)

where wyg is the spot size and f is the frequency of the oscillation. We then calculate the time-

averaged dissipated power, Wy;ss, for this applied pressure, which is related to the length fluctua-



tions by:

2kBT‘ Wdiss
Se(f) = T2 f2 F()2 )

(2.2)

where T is the temperature and kp is the Boltzmann constant.
By finding the power dissipated due to the applied force, the noise can be determined. This
can be determined analytically (under a few simplifying assumptions) or numerically. We will walk

through some of the approaches in the following sections.

2.2 Brownian Noise

Kessler et al. used Levin’s direct approach to calculate Brownian noise in optical cavities, and
much of the following section is from that paper [48]. Numata et al. is also a good reference here
[49]. To calculate the Brownian noise, we need the time-averaged dissipated power, and for that
we need to understand the friction in the test mass (mirror substrate, mirror coating, or spacer).
When you press on a linear elastic material, it will compress according to the Young’s modulus, F.
If the friction in the test mass comes from homogeneously distributed damping, it can be expressed
as an imaginary component of the Young’s modulus, E(f) = Ey[l + i¢(f)], where ¢(f) is the loss
angle. The loss angle for many materials of interest, like FS and ULE, is taken to be a constant

over the frequency ranges we are interested in. Wy, is related to the loss angle by:
Wdiss = 27TfU¢ (23)

where U is the maximum elastic strain energy when the displacement caused by the oscillating
pressure is maximized. The cavities we are interested usually have mechanical resonances much
greater than 100 kHz. As a result, U is constant over the frequency range of interest. We can apply
a constant force, Fy at f = 0, and use that number to calculate U for all f in the range of interest.

To get the total Brownian noise in the cavity, the contributions of the spacer, two substrates,

and two mirror coatings must be summed.

Sa(f) = S(f) +28P(f) + 258 ()

Sx(f) = %(Uqussp + 2Usb¢sb + 2Uct¢ct)
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2.2.1 Spacer Brownian

To estimate the noise contribution of the spacer, one approach is to consider that the applied
force to the mirror surface is causing the mirror to apply pressure evenly over the endfaces of the
spacer. This ignores any variation in the stress in the mirror-spacer interface. Take a spacer of

length, L, radius, R,,, and central bore radius, rg,, with Young’s modulus, E. Now the strain

energy is
L
Usp = Fg 2.5
P QWE(REP — rgp) 0 (2:5)
and the resulting length fluctuations in the spacer are
4k T L
SL(f) = ¢sp- (2'6)

wf 27rE(R§p — rgp)
This estimate works pretty well, but for small cavities, the variation in the stress on the end of the
spacer becomes a non-negligible fraction of the strain energy calculation. To get a sense of how this
works, I simulated a cavity with the same parameters as the Yb cavity (see Table ), but I varied
the spacer length in a finite element anlysis (FEA) software, COMSOL. Fig. shows how the
ratio between the COMSOL calculated spacer strain energy and the analytically calculated strain
energy changes as a function of spacer length. In COMSOL, we apply a constant force in the shape
of the fundamental cavity mode to the simulated cavity mirrors and extract U. For short cavities,
the assumption of uniformly applied strain becomes more problematic, but COMSOL can be used

to calculated the strain energy numerically.

2.2.2 Mirror Substrate Brownian

For calculating the Brownian noise of the mirror coating and substrate, it is useful to consider

the shape of the pressure applied over the Gaussian beam profile with 1/e? beam radius, wp:

2F0 —92 2 2
= 4 2 2% wyg, 2.7
p(r) W%G (2.7)
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Figure 2.1: The ratio of the COMSOL simulated strain energy and the calculated stain energy
(which assumes that the stain is applied evenly over the spacer endfaces) versus cavity length in
a Yb-like cavity. The assumption of uniform stain becomes more problematic in compact cavities,
but the stain energy can easily be solved numerically in COMSOL.
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Here f has again been set to 0 because Wy;,, is constant for frequencies well below the mechanical
resonances of the cavity. For many cavity geometries, the spot size, w, is much smaller than the
mirror dimensions, and it is reasonable to treat the mirror as an infinite half-space. In this case,

the maximum stain energy is
2

1—0
Up = ————F¢. 2.8
sb 2/TEw ° (28)
The corresponding length fluctuations are therefor
4k T 1 — o
sb b

where ¢ is the Poisson’s ratio. Treating the mirrors as an infinite half-space works well for the
cavities described in this thesis, but for a more thorough analysis of finite mirrors, see Bondu et al.

and Liu and Thorne [50, 51].

2.2.3 Mirror Coating Brownian

To find the Brownian coating noise, we assume a uniform loss angle, ¢, by taking a weighted
average of the loss angels of the layers in the coating. The coating is a thin layer of thickness, d,

on top of the substrate, and the strain energy of the coating depends on the strain energy in the

substrate:
_ 2 1-20 d
Vet = U 5 (2.10)
2 1-20 d ¢
s¢(f) =S = 2o d ga

For compact cavities, the coating noise is a significant fraction of the total thermal noise, which
means that there can be great benefits to reducing this term. One way to approach this would be
to increase the spot size on the cavity. Typically, this involves increasing the radius of curvature
(ROC) of the cavity mirrors. There is a trade off here though. Large ROC mirrors also mean a
strong sensitivity to the tilt or an offset between the mirrors, which can reduce cavity finesse by
introducing extra loss into the cavity or make it difficult to get a cavity mode at all. Additionally,
in typical grind and polish cavity mirrors with contact annulus it is difficult to obtain larger than

10 m ROC for mirrors that are 25.4 mm in diameter and larger than 1 m ROC for mirrors that
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are 12.7 mm in diameter (both standard substrate sizes). This is because the sag on these mirrors
for these ROCs is so small (= 10um) that achieving a nice polish on both the curved mirror and
the flat contact annulus (required for optical contact bonding the mirror to the spacer) is difficult.
Experimentally, we have found that the cavities that are 6.3 mm in length are more likely to have
a high finesse mode with 1 m ROC mirrors than with 10 m ROC mirrors (due to beam walk-off in
the case of an angle between the two mirror surfaces or a small offset in the mirror placement).
Another approach to reducing coating thermal noise is to reduce the loss angle of the coating
material. Crystalline mirrors, such as AlGaAs/GaAs mirrors, have smaller loss angles [2]. These
mirrors can have a polarization mode splitting. Kedar et al. measured a strange polarization
noise in cavities with extremely low noise [52]. In the case of the Yb cavity, we do not observe
the polarization related noise, but extra care must be taken with mode matching. A typical
circulator uses a A\/4 waveplate, but a Faraday rotator allows for better mode matching into just

one polarization state.

2.3 Substrate Thermo-Elastic Noise

A material at temperature T undergoes constant stochastic temperature fluctuations, which
in turn generate length noise on the surface of the solid. This noise arises from the expansion
and contraction of the substrate as a result of temperature changes via the material coefficient of

thermal expansion, «,

dL

= 2.11
LdT ( )

(07

As the material expands and contracts due to these stochastic temperature fluctuations, the position
of the surface, as detected by a light beam, experiences shifts. It is important to note that this
type of noise, known as thermoelastic noise, should be distinguished from the direct volumetric
fluctuations referred to as Brownian noise.

This noise can be calculated using the Fluctuation Dissipation Theorem, which we take

mostly from another article by Liu and Thorne [51]. First, we again apply an oscillating pressure
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in the shape of the optical beam:

2F —2r2
P(t) = —ge “0 cos(wt) (2.12)

This oscillating pressure causes a material strain from the compression and expansion of the surface.

The noise spectrum is related to time averaged power dissipated, Wy;ss:

o 2kpTWyiss

Sw) = =prris” (2.13)

In the case of thermoelastic noise, Wy;ss is:

Wiiss = <T§§,> - </ %(V(STF dV> (2.14)

Where S is the entropy and « is the thermal conductivity of the material. To solve this equation,
we need to find out how §7 changes with the pressure applied P(t). Again, because the vibrational
modes of the cavity are so high frequency (higher than any noise offset frequency of interest), we
can treat the problem as quasi static. That is, that the strain responds instantaneously to P(t).

The equation for the quasi-static stress balance is as follows:
(1-20)V%i+V-(V-@)=0 (2.15)

Where o is Poisson’s ratio, and  is the strain displacement vector.

The heat equation can be expressed as:

a(gtT) —a®’V3(6T) = ¢ (2.16)
Here, a® =

. e . .
2C and ¢ represents the source term originating from the compression or expansion

of the material. It can be defined as:

_ aBT (Vi)
- pC(1—20) Ot

(2.17)

Now,
o(oT)

o0L) 22 _
5 a*V*(éT)

_ aET  9(V-i)
pC(l—20) Ot

(2.18)
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By solving this equation for 67 (x,y, z), we can calculate Wy;ss and subsequently obtain S(w).
For short time scales and large optical spot sizes, heat flow can often be neglected, which

corresponds to the adiabatic limit. The frequencies at which heat diffusion becomes significant are

2K

pCw3 *
Taking the example of fused silica (k = 1.4 W/m/K, C = 730 J/kg/K, p = 2210 kg/m) and

determined by w. <

a spot size on the mirror wy of 100 um, we find w. = 90 rad/s In the adiabatic limit, we can drop

the a®?V?2(6T) term in the heat flow equation, resulting in:

aET

N =——-
pC(1 — 20)

V- (2.19)

The energy dissipation rate then becomes

Wiss = (KT (M%))Q </(ﬁ (V- a))de> (2.20)

The calculation of the integral for an infinite half-plane is given in Liu and Thorne [51]. These
solutions rely on the static stress balance equation under the influence of the pressure function P(t).
The solution is

(1+ 0)%ka®T 9

Waiss = \/%02/)2(100/\/5)3}?0 (221)

Leading to

_ 16kT?*(1 + 0)%ka®
V21 C2p? (wo)3w?

Liu and Thorne also provide a finite test mass correction to the above noise spectrum. However,

S(w) (2.22)

most of the noise contribution comes from material located within a "heat diffusion length” from
the surface of the mirror. This length depends on material properties and time scale/frequency
offset. Temperature fluctuations occurring at greater distances do not propagate to the surface in

time to significantly affect the noise. The heat diffusion length is given by:

avt = ,/jg';. (2.23)
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For noise at 1 Hz in fused silica, the heat diffusion length is approximately 1 mm, which is
smaller than the mirrors used in this work. Therefore, the finite mirror corrections are unnecessary
for our purposes. However, the adiabatic limit overestimates the noise at short time scales, i.e.
frequencies less than w.

Cerdonio, et al. derived an expression valid at all frequencies and spot sizes [53], which
was later corrected by Black et al for a missing factor of 1/7 [54]. In the more general form, the

displacement noise power spectral density is:

4 o*(1+0)?

Sy(w) = NG -

kpT%woJ(Q), (2.24)

where J(2) is a dimensionless integral:

_ \ﬂ2) o o u3e*“2/2
1057 |, [ e (2.25)

The dimensionless frequency w, is defined as
0 =w/we, (2.26)

where w is the (angular) measurement frequency.

2.4 Coating Thermo-Optic Noise

The coating thermo-optic noise arises from the coating thermal fluctuations observed by the

Gaussian beam profile of the light resonating in the cavity:

2
gar _ 2V2hsT (2.27)

TO mjg\/TTf’
where k is thermal conductivity and C' is heat capacity per volume. These thermal fluctuations
induce length changes in the cavity observed by the light, which cause a phase shift on the light
reflected off of the cavity mirrors. To my knowledge, prior to Evans et al. in 2008 [55], thermo-
refractive and thermo-elastic noise sources in the coatings were treated as independent terms, but
this is a problem as it can lead to an overestimate of the noise. As the coating material expands due

to a temperature change (thermo-elastic), the effective index will cause an apparent length decrease
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from the perspective of the Gaussian beam (thermo-refractive). When the two are considered
together, the thermo-optic noise is less than the independent treatment of the thermo-refractive

and thermo-elastic noise. The spectral density of this thermo-optic noise can be expressed like this:

2
St6 = STo. <acd — B - asdgc> ; (2.28)

s
where a is the effective coefficient of thermal expansions of the coating, d is the coating thickness,
B is the effective thermorefractive coefficient, X is the wavelength, s is the effective coefficent of
thermal expansions of the substrate, and C. and Cy are the heat capacities per volume of the
coating and substrate. The analytical solutions for the coating thermo-optic noise are complex,
especially if the assumption that the thermal diffusion length is much smaller than the coating
thickness is not valid, which complicates the heat diffusion equation and requires several lines of

equations to solve. Instead of duplicating these results here, we will refer you to Evans et al. [55].

2.5 Thermal Noise Calculations

The portable Yb cavity needed to fit into a very compact space while still providing excellent
stability. The required metric was fractional frequency instability better than 1 x 107'°. With
compact cavities, coating noise can represent a significant fraction of the total thermal noise.
There are a couple of ways to reduce this noise. One is to increase the spot size on the mirror,
which effectively increases the area over which the noise is averaged. The other is to use specialty
mirrors with small loss angles, such as crystalline coating. Fig. 2.2 shows the fractional frequency
instability estimate for a Yb-like cavity vs cavity length for different design choices. Utilizing large
ROC mirrors and crystalline coatings means that the cavity can be short (25 mm was the design
choice) while still providing the required stability.

For each cavity, the spacer Brownian noise was calculated using COMSOL. For the Yb cavity,
which uses a backing ring to reduce the temperature sensitivity of the cavity, all of the Brownian
terms were calculated in COMSOL. The other noise terms were calculated from analytical solutions.

A summary of the calculated cavity thermal noise limit and individual terms can be found in
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Figure 2.2: Fractional frequency noise at 1s vs cavity length for a Yb-like cavity. By using crystalline
coatings and large ROC substrates, higher performance can be fit into a compact cavity.
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Name Yb FS-ULE ULE - ULE Units

Spacer Brownian (1 Hz) 0.0062 0.39 0.39 Hz*/Hz
Substrate Brownian (1 Hz) 0.012 0.22 4.0 Hz%/Hz
Coating Brownian (1 Hz) 0.0049 2.9 5.6 Hz?/Hz
Backing Ring Brownian (1 Hz) 0.0026 N/A N/A Hz?/Hz
Substrate Thermoelastic (1 Hz) 0.00060 0.25 0* Hz? /Hz
Coating Thermo-optic (1 Hz) 0.0020 0.069 0.068 Hz?/Hz
1 s ADEV 95x 10716 1.1 x107* 1.93x 107 Hz/Hz

Table 2.1: Noise calculations for the different cavities. The spacer Brownian calculation includes
strain energy calculated in COMSOL. The Brownian noise terms for the Yb Cavity all come from
COMSOL as well (we used no analytical models for backing rings, but one could be made). All
other values come from analytical solutions. The reason the thermoelastic noise is 0 for the ULE-
ULE mirror is that the CTE of ULE is very small near any of the temperatures we would typically
operate this cavity. This term in no significant in the total noise calculation.

Table 211



Chapter 3

Laser Locking

In order to lock the laser to the cavity, we must take a signal from the cavity and use it to send
feedback to the laser. An intuitive answer to this problem might be to lock the laser frequency
to a photodetector that observes the transmitted light through the cavity when the laser is on
resonance. One potential problem here though is that it is difficult to lock the laser to the peak of
the transmission because it can be hard to infer the sign of the laser frequency when it moves off
resonance. If the laser frequency goes up or down, the amount of transmission will decrease. One
could dither the laser (modulate the laser frequency) and lock to the side of the transmission peak,
but this method will strongly couple changes in laser power with changes in the laser frequency.

A better technique for stabilizing the laser frequency is the Pound-Drever-Hall method [56].
This method takes advantage of the anti-symmetric phase of the light reflected from the cavity
near resonance. See Fig. [3.] for a basic schematic of the PDH technique. In order to detect this
phase, sidebands are applied to the laser that probes the cavity, typically with an EOM. These
EOM sidebands are always reflected when the carrier is on the cavity resonance. Using a circulator
before the optical cavity, the reflected light is collected onto a photodetector. The signal at this
photodetector is mixed with a microwave signal at the same frequency as the EOM sidebands and
an error signal is extracted. A really nice break down of this technique was written by Black [57],
and much of the information found in this section has been reproduced from this paper.

Oftentimes, we find the the thermal-noise limited linewidth of a cavity stabilized laser is

much smaller than the natural linewidth of the optical cavity. For example, if you consider the
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Figure 3.1: Top row: the cavity transmission, reflection dip, and reflection phase as the laser is
swept through the cavity resonance. Lower left: basic PDH scheme. Laser light is sent through
an elector-optic modulator (EOM) where sidebands are applied. A circulator is used to collect the
reflected light on a photodetector (PD). This signal is mixed with the same frequency applied to
the EOM to create the error signal (shown on the bottom right). This error signal is supplied to a
loop filter (LF) or servo, which sends feedback to the laser.
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FS-ULE cavity described in Chapter 4] the linewidth of the resonance, given by Av = FSR/F,
where FSR is the free-spectral range of the optical cavity and F is the finesse of the optical cavity,
is &40 kHz. At the cavity thermal noise limit, the fractional frequency stability of a laser locked
to the cavity resonance is ~ 2 x 10™, which corresponds to a linewidth of a few Hz. We must
be able to split the linewidth of the cavity 40,000 times. To achieve this goal we need to suppress
any electronic noise that would prevent us from reaching the thermal noise limit. This is achieved

through a careful optimization of the PDH discriminator slope, D, which is the slope of the error

signal (V/Hz):

Vepu(0F) = D f (3.1)
D= (1 g)) (3:2)

P; is the optical power in the sidebands, P. is the optical power in the carrier, Av is the cavity
linewidth, € is a mode-matching parameter describing the optical power coupled into the cavity
due to a difference in the spatial profile of the input light and the mode in the cavity, and £ is the
vacuum impedance-matching term related to the loss and transmission of the mirrors [58,[59]. A few
things can be observed from this expression. One is that, with careful thinking, the discriminator
slope is optimized when the Ps = 0.5P; (see Eric Black paper for full discussion) [57].

The mode matching term, ¢, is optimized when the input beam has perfect spatial overlap with
the resonant mode in the cavity. The spatial modes of an optical cavity with two spherical mirrors
(or one spherical and one flat) are Hermite-Gaussian modes. The TEMyy mode is a convenient
shape for mode matching and is typically used, although the thermal noise limit of the higher order
modes can be smaller due to their larger spatial profile (the thermal noise is averaged over a larger

area in this case). To find the spot size of the cavity, we use Gaussian beam equations.

R(:) = 2[1+(F2)) (3.3)

For a cavity with two curved mirrors and equal radius of curvature (ROC), R(L/2) = ROC, where

L is the cavity length. This can be used to solve for the Rayleigh range. From there, we can
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calculate the spot size at the center of the cavity, wp.

7Tw2n
ZR = TO (3.4)

From here, it is possible to select the required collimators and lenses to optimize the spatial coupling
into the optical cavity.

Even with perfect spatial mode matching, a fraction of the input light on resonance will
be reflected due to the loss and transmission of the mirrors, which is described by the vacuum-

impedance matching term, &,

T

~1———
§ T+

(3.5)

where [ is the loss of the mirrors, including both absorption and scattering losses, and T is the
mirror transmission. In this expression we assume equal loss and transmission in the cavity mirrors
soTy =15 =T and l; = ls = 1. When £ = 0 the cavity is critically coupled, when 0 < £ < 1 the
cavity is under-coupled, and —1 < & < 0 when the cavity is over-coupled.

The finesse of the cavity depends on the loss and transmission of the mirrors and is related
to an important term in the discriminator slope, the cavity linewidth [60].

T FSR
F: =
T+1 Av

(3.6)

The discriminator slope and finesse are both inversely proportional to v, which means that high
finesse cavities are important to good locks. This implies that we would like T' to be very near 0,
but there is a little extra nuance here. Using this relationship and the approximation for &, the
discriminator slope can be re-written such that:

T
D m (3.7)

This is expression is proportional to the cavity gain,

AT
C=Tr e (3:8)

The gain in the cavity looks similar to the electronic impedance matching that many are familiar

with where the power dissipated in a load resistor is maximized when it set equal to the resistance
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of the of the source:

Ry
PL=V: . 3.9
FT (R + Ru)? 39
This expression implies for a fixed loss, [, that the best discriminator slope occurs when 1" = [ and

the intracavity power is optimized, and not when T = 0.

3.1 Evaluating a PDH Lock

The most direct assessment of laser frequency or phase noise is an “out-of-loop” measurement,
where the light is directly compared (heterodyned) with a quieter reference or (several references and
cross-correlated). However, during the setup of a new cavity system, it is advantageous to conduct
several “in-loop” noise measurements to determine if further optimization of the discriminator slope
or parts with lower noise are required to achieve the desired noise performance. These “in-loop”

measurements can help identify and eliminate technical noise sources such as:

e RAM, residual amplitude noise. The EOM is primarily a phase modulator, but it also
causes amplitude modulation. This residual amplitude modulation causes the error signal
to shift up and down, which changes the frequency lock point. RAM can occur due to
polarization noise at the input of the EOM, temperature-dependent birefingence in the
EOM, and etalon effects from reflective surfaces in the system (other than the optical

cavity) [61].

e Excess electronic noise (from the photodetector, loop filter, amplifiers, mixers, etc.). The
voltage noise of the electronic components is typically dominated by the transimpedance

amplifier in the photodetector.

RAM and excess electronic noise have a direct impact on the PDH lock. Optimizing the
discriminator slope is instrumental in suppressing the laser’s inherent noise, the excess electronic
noise, and the RAM, all of which manifest in the “in-loop” measurements when the loop filter is
locked (on resonance) and unlocked (far from cavity resonance). These “in-loop” measurements are

measurements of the electronic error signal sent to the loop filter. To convert the voltage noise to
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expected frequency noise we use the measured discriminator slope of the cavity. The discriminator
slope only applies within the linewidth of the cavity, which is typically less than frequency offset
range of interest. We will need a frequency dependent form of the discriminator slope:
ko

f 2
1+4 (AVFWHM>

Where ky the slope of the error signal in [V/Hz], and Avpw s is the full width at half maximum

k(f) =

(3.10)

cavity linewidth [62], (59]. Now we can use the error signal to get a phase noise estimate using a few

simple steps.
(1) Measure the PSD of the error signal. This will be voltage noise and have units of dBV?, . /Hz.
(2) Find the the discriminator slope, ko [V/Hz] using an oscilloscope.

(3) Divide by the k function squared or subtract 20log(k(f)?). You now have the voltage noise

in dBHz?/Hz.
(4) To get to phase noise, divide by {2 or subtract 20log(f). Now you should have dBrad?/Hz.
(5) For dBc/Hz, subtract 3 dB.

The locked “in-loop” noise measurement will indicate if there is sufficient gain in the loop
to suppress the free running laser noise to the required level. To get the desired noise, sometimes
all that is needed is an adjustment to the loop filter setting, but other times the problem is more
fundamental, such as a quieter starting laser is needed or high bandwidth frequency actuators
are required. I have seen more than 90 dB suppression of free-running laser noise in the lab (see
Chapter , but there are limits and a pre-stabilization step can help if the laser is particularly
noisy or the goal is particularly low noise. Faster actuators can be used to suppress the noise higher
offset frequencies. In Chapter [ I used fast actuators to improve the cavity noise at 10 kHz to
state-of-the-art levels despite the cavities compact size. Typically, the performance goal is that the
in-loop noise measurements are below the thermal noise limit of the cavity, but the requirements

will be set by the application.



26

Occasionally, the “in-loop” locked noise may appear lower than the unlocked “in-loop” noise,
but the actual out-of-loop noise level will always be higher than the unlocked in-loop level. This
is attributed to the loop filter effectively imposing the inverse of the photodetector noise onto the
light.

The “unlocked” in-loop noise level serves to identify the electronic noise and RAM contribu-
tions to phase noise. RAM typically becomes noticeable at low offset levels (typically below 100
Hz) and can be separately identified by shutting off the microwave signal to the EOM (Electro-
Optic Modulator) temporarily. Performing an in-loop unlocked measurement while the laser light
is off can help discern between noise written on the light and noise directly from the detector or
electronics.

There is also another source of noise to consider, RIN, relative intensity noise. Even with the
PDH technique, fluctuations in laser intensity can still couple to the frequency noise of the locked
laser if the cavity length changes with intensity. Some of the coating loss is from absorption which
produces heat and causes index changes and length changes in the mirror coatings. RIN can be
mitigated through a distinct feedback loop, separate from the PDH loop, which, unless the laser
has a lot of intensity noise or the noise requirements of the system are particularly low, can be fairly
easy to set up. There is no phase detection in this case, just a photodetector, a loop filter (servo),
and an intensity actuator are required. RIN can be measured by looking at the voltage noise on a
detector placed before the optical circulator in the PDH loop. To calibrate this signal’s impact on
phase noise of the locked laser, sometimes it is helpful to place a pilot tone on the light by intensity
modulating the light at a frequency that goes to the cavity and searching for a response on the
locked laser phase noise at that frequency.

Typically, the laser RIN has not contributed to the phase noise of lasers locked to the cavities
in this work. This is in part due to the choice of lasers (which have relatively little RIN) and the
thermal noise limits of the cavities involved in this work (which are high compared to the state-of-
the-art, but sufficient for our purposes). However, we have used RIN feedback loops to keep the

intracavity power constant during an acceleration-sensitive flip test. During these tests, the optical
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bread board can flex substantially and change the spatial coupling of light into the cavity. By using
the transmitted light detector and sending feedback to the microwave power sent to an AOM, the

optical power in the cavity can be held constant even as the coupling changes.



Chapter 4

FS-ULE and ULE-ULE cavities

4.1 Introduction

Here I present a simple, rigidly held cylindrical vacuum-gap FP cavity, called the FS-ULE
cavity or the primary cavity in this chapter, reaching a fractional frequency stability of 2 x 10714,
capable of supporting applications in low phase noise microwave generation via optical frequency
division (OFD)[35] 23], distributed optical fiber sensing [63}, 64} 65], and mobile optical clocks [33].
The cavity is composed of fused silica (FS) mirrors and an ultralow expansion (ULE) glass spacer
which is only 6.3 mm long. The cavity volume is 5.2 mL. A laser locked to the cavity operates
at the cavity thermal noise limit for noise offset frequencies ranging from ~ 1 Hz to ~ 10 kHz.
To our knowledge, the phase noise level at 10 kHz, at approximately —108 dBc/Hz on the optical
carrier, is one of the lowest reported for any vacuum-gap FP [66, 1], or dielectric resonator [67, [68].
If paired with an optical frequency comb, the laser system can support state-of-the-art microwave
phase noise that is comparable to the lowest phase noise achieved to date for offset frequencies
above ~ 100 Hz. Measurements of the cavity’s low sensitivity to holding force indicate the cavity
may be reliably held on its end faces, which can be found in Chapter [/} Though other groups have
simulated and studied its impact [69, [70} 4] 3], these are the first direct measurements of holding
force sensitivity of which we are aware. Additionally, the cavity acceleration sensitivity for three
mechanical axes was measured to be 5 x 1071 g™1 3 x 1071% ! and 6 x 1071~ (see Chapter
for more details on this measurement). A variation on our design, called the ULE-ULE cavity,

also allowed us to explore trade-offs in holding force sensitivity, noise, and long-term stability for a
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cavity composed only of ULE and larger diameter mirrors.

4.2 Cavity Design

Compact and portable FP reference cavity designs must balance noise performance, tempera-
ture sensitivity, acceleration sensitivity, tolerance to mirror misalignment [4], sensitivity to changes
in the holding force, and manufacturability. We have chosen a simple cylindrical geometry for ease
of manufacture and its high degree of mechanical symmetry (see Fig. . Mechanical symmetry
is important for maintaining low acceleration sensitivity, and has been exploited in many compact
cavity geometries, including cubes [3], spheres [4], pyramids [37], and other compact cylinders [I].
The ULE spacer material is chosen for its low thermal expansion and measures 27 mm in diameter
and 6.3 mm in length. The spacer has a single vent hole with a diameter of 3 mm for evacuating
the cavity. The mirror substrates are FS with a diameter of 12.7 mm and a standard thickness of
6.35 mm. Both mirrors have a radius of curvature (ROC) of 1 m with a flat outer contact annulus
for optical contact bonding to the spacer. The total cavity volume is only 5.2 mL. The mirrors
were manufactured and polished in the same batch, leading to nearly equal optical contact areas.
As we show below, the asymmetry introduced by the single vent hole increases the acceleration
sensitivity of the cavity.

The mirror material was chosen by considering the thermal noise and temperature sensitivity.
Fused silica has a higher mechanical quality factor than ULE, and results in lower thermal noise
[49]. For the lowest temperature sensitivity, the cavity should be operated at its zero-crossing
temperature (7.), where the linear coefficient of thermal expansion (CTE) passes through zero
[71]. The T.. of ULE is typically near room temperature. However, employing F'S mirrors shifts
the T, of the cavity to well below room temperature due to distortions of the mirror shape caused
by the comparatively large radial expansion of the mirrors [72]. This effect is particularly important
for short FP cavities, where the mirror distortions are a larger fraction of the cavity length. To
counteract this effect, ULE backing rings [72] can be used to shift the cavity 7. back to a convenient

temperature, but it is not always possible to fully compensate the large T, shift of compact cavities
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Figure 4.1: a) Photograph of the optical cavity, which is 27 mm in diameter. The spacer is 6.3 mm
thick and the mirrors are 12.7 mm in diameter and 6.35 mm thick. b) Photograph of the optical
cavity in its mounting structure. The mounting structure sits on top of a Macor spacer and is
placed inside of a heat shield, also pictured. c¢) Exploded cartoon view of the holding structure.
The cavity is suspended in the Invar mounting structure by two Viton o-rings. These o-rings are
held in place by two Invar holders. Note the notch on the holder that prevents the o-ring from
rotating when the structure is assembled. Finally, threaded retaining rings are applied to rigidly
hold the cavity in place.
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in this way. High T,. ULE [39] can also be used but is not typically specified to the required
precision for a repeatable compact cavity manufacturing process. Here, using a ULE spacer with
unknown T,., we designed our system to rely on temperature stabilization and shielding of the
cavity enclosure. This was driven by our targeted application of low noise microwave generation
and undersea fiber optic cable measurements, where short-term phase and frequency fluctuations
are of greater concern than long-term cavity length drift.

The 1 m ROC of the mirrors was chosen to maximize the optical spot size on the mirrors, w,
while maintaining reasonable tolerance to mirror misalignment. For an optical cavity whose thermal
noise is dominated by Brownian noise in the coatings (as is the case here), the phase noise power
scales as 1/w? [45], and for cavities where the ROC is much larger than the cavity length (L), w? is
proportional to vROC. However, the larger ROC results in a larger optical axis displacement due
to a mirror tilt or displacement, and the shift in the optical axis away from the cavity mechanical
axis increases the effective acceleration sensitivity of the cavity [73]. Again assuming ROC > L,
the beam displacement on the mirror surfaces d is given by d ~ 0.5 x ROC x 6, where 6 is the
mirror tilt angle [74]. The residual angle between the faces of our spacer is < 50 urad, leading to
a maximum beam displacement near 25 pm. Furthermore, sag in the mirror surface for large ROC
mirrors is extremely small when the mirror diameter is small. For example, the sag at the center of
a 12.7 mm diameter mirror with 1 m ROC is only ~ 20 pm. This makes creating a contact annulus
with the required roughness and surface figure without spoiling the smoothness of the center of the
mirror extremely difficult. Indeed, the largest ROC we could obtain on 12.7 mm diameter mirrors
with an annulus for optical contact bonding was 1 m.

The cavity’s rigid holding structure was designed to minimize the effect of holding force
variation on cavity length, shown in Fig. We used finite element analysis (FEA) software
to design a holding geometry that can provide first-order insensitivity to the holding force (see
Chapter m for more details). Given the short length of our cavity spacer, the cavity is held on the
spacer end faces with Viton o-rings. The o-rings are held against the cavity with a backing plate,

behind which is a threaded piece that screws into a holding mount. The backing plates and holding
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mount are made of low expansion Invar to minimize temperature changes of the holding structure
from coupling to changes to the cavity holding force. The base of the holding mount is composed
of Macor to reduce the thermal conductivity from the outer vacuum enclosure. Additionally, a
polished aluminum heat shield is placed around the cavity and holding structure to reduce the

radiative heat transfer to the cavity. The volume enclosed by the heat shield is ~40 mL.

4.3 Laser Locking

The laser frequency was locked to the cavity with the Pound-Drever-Hall (PDH) technique
[57], as shown in Fig. Cavity ring-down measurements yielded a finesse of 600,000, providing
a steep discriminator slope for laser locking. We employed a broadband locking scheme utilizing
feedback to an electro-optic modulator (EOM) to achieve nearly cavity thermal noise-limited perfor-
mance over a broad offset frequency range [75, 76} [66]. Light from a 1550 nm commercial fiber laser
was routed through a fiber-coupled acousto-optic modulator (AOM) frequency shifter, followed by
a fiber-coupled EOM and a 90/10 fiber coupler, then was launched into free space to interrogate
the cavity. A free-space circulator directs light reflected from the cavity to a photodetector used
for PDH frequency stabilization. A separate photodetector placed at the back end of the cavity
was used to stabilize the intracavity power, though during normal operation it is not needed as it
was determined that our laser’s intensity noise does not contribute to the measured phase noise.
Laser frequency stabilization to the cavity was implemented through three feedback paths: a piezo-
electric transducer controlling the laser cavity length was used for low bandwidth/large dynamic
range frequency corrections, the AOM was used for mid-bandwidth (to few 100 kHz) feedback,
and the EOM was used for high bandwidth (up to 1 MHz) feedback. The same EOM was also
used to impart 50 MHz phase modulation sidebands on the laser light for the PDH error signal
generation. The optical power impinging on the cavity was ~ 600 W, leaving greater than 10 mW
of frequency-stabilized output from the 90/10 coupler. Since we use a single EOM for both PDH
phase modulation and feedback control, the stabilized light output had 50 MHz sidebands. These

sidebands are outside the bandwidth of any frequency comb lock, and is not anticipated to impede
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Figure 4.2: a) Simplified block diagram of the optical cavity system. A 1550 nm laser is sent through
a fiberized AOM then EOM. The light is then split in fiber. Some of the stabilized light is sent to
the optical cavity. The 1550 nm laser is stabilized to the optical cavity resonance using feedback to
the laser PZT, AOM, and EOM. A frequency diplexer (not shown) is used at the radio frequency
(rf) input of the EOM so that the EOM can be used for both the PDH sideband generation (at
50 MHz) and feedback control. The transmission detector can provide a relative intensity noise
(RIN) servo error signal, but is only utilized during flip tests to stabilize the intracavity power
because the alignment is affected by the optical breadboard flexing. b) Stabilized laser light is
sent on to be compared to two different optical references. One is another cavity-stabilized laser
at 1550 nm. The other is a comb that is frequency-referenced to a cavity-stabilized 1156 nm laser
[13]. Software defined radio (SDR) is used to track the phase of the signals, which are then cross-
correlated to remove uncommon noise in the frequency combs and beat note detection.
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any applications using a comb. If stabilized light without PDH sidebands is desired, PDH phase
modulation and feedback control can be separated by using two EOMs. The extremely low noise
at 10 kHz offset is enabled by the feedback bandwidth, high finesse of the cavity, and relatively
high optical power on the cavity.

To measure the laser phase noise, the stabilized laser output was split and heterodyned
against two separate ultrastable optical frequency references. The heterodyne beat notes were
simultaneously digitally sampled by software defined radio (SDR), and the phase fluctuations were
extracted [77]. The phase noise cross-spectrum was then obtained by averaging the complex product
of the Fourier transforms of the individual phase records [I]. This allowed us to reject the noise of
the optical phase references and proved to be particularly important to reveal the low phase noise

of our system for offset frequencies > 1 kHz.

4.4 Phase Noise and Fractional Frequency Stability

Phase noise of the cavity-stabilized laser, the predicted cavity thermal noise limit, and the
laser’s free-running noise, are shown in Fig. The integrated timing jitter from 1 MHz to 1.3 Hz
is 12 fs. The laser phase noise closely follows the cavity thermal noise for offset frequencies between
1 Hz and 10 kHz. The predicted thermal noise is calculated using FEA software [48] and includes
Brownian noise of the spacer, mirror coatings, and mirror substrates, as well as thermoelastic noise
of the substrates and spacer. Only the Brownian noise of our small spacer differed significantly
from simple analytic models. Thermo-optic noise was calculated analytically [78] [79] 2], but did
not make a substantial contribution to the total thermal noise. The effect of residual amplitude
modulation (RAM) on the frequency stability is captured by the in-loop PDH error signal when the
feedback control is not engaged [80], and was determined to be below the measured noise level at
all offset frequencies for the phase noise. Likewise, RAM contributions to the fractional frequency
stability measurement (discussed below) were also negligible. Broadband noise reduction of the
free-running laser noise was realized using feedback to the EOM, resulting in a gain bandwidth

> 1 MHz. At 10 kHz offset, this large feedback bandwidth provides > 60 dB suppression of the
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Figure 4.3: Measured phase noise of the free-running commercial laser in blue, cavity-stabilized
laser phase noise in green, the cavity thermal noise limit in black, an optical frequency divider in
gold [23], and state-of-the-art photodetector phase noise at 10 GHz in brown [24]. The shaded
region is an estimation of the statistical measurement limit of the cross-spectrum measurement
of the cavity-stabilized laser phase noise given the single channel measurement levels [25]. The
number of averages for each frequency offset band are: f < 100 Hz; 13 averages, 100 Hz < f <
kHz; 125 averages, 1 kHz < f < 10 kHz; 1257 averages, 10 kHz < f < 1 MHz; 7954 averages. Note
that the noise of the cavity-stabilized laser stays near the thermal noise limit to ~ 10 kHz offset.
Because the phase noise of the cavity-locked laser above 1 kHz offset frequency is at or below a
state-of-the-art photodetector level, this cavity can serve as a compact, low-noise reference for OFD
microwave generation.
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free-running laser noise. To our knowledge, the measured phase noise level at 10 kHz is one of
the lowest reported for any vacuum-gap FP (despite the cavity’s small size) [66, [I] or dielectric
resonator [67, 68] .

When coupled with an optical frequency comb, this cavity can support low-noise microwave
generation through OFD [35]. The phase noise contribution of our cavity on a 10 GHz carrier is
shown on the right axis of Fig. For comparison, the phase noise of a state-of-the-art 10 GHz
photodetector [24], and one of the lowest noise OFD systems demonstrated to date are also shown
[23]. Importantly, our compact cavity can support microwaves comparable to that of the lowest
noise OFD signals produced yet-to-date for offset frequencies greater than ~100 Hz. Above ~1
kHz, the microwave noise contribution from the cavity is below that of the projected photodetector
noise, and thus will not adversely impact the signal. Above 10 kHz offset frequencies, the cavity
supports 10 GHz phase noise below -180 dBc/Hz. Of course, the residual noise of the optical
frequency comb will also contribute to the final microwave phase noise; however, these results show
that an extremely compact cavity can enable microwave signals whose noise is competitive with
those systems that are referenced to much larger-size optical cavity systems.

Figure shows the measured fractional frequency stability of our primary (FS mirrors and
ULE spacer) cavity, given in terms of the Allan deviation (ADEV). For comparison, the ADEV
of the all-ULE cavity is also shown. The ADEV is calculated using the phase record of the SDR
measuring the beat note of our cavities against a comb that is frequency-referenced to a cavity-
stabilized 1156 nm laser. For the primary cavity, an external AOM driven by a direct digital
synthesizer (DDS) with a linearly chirped frequency correction was used to compensate for the
136 Hz/s linear drift, which is likely due to the CTE of this cavity. A resistive heater is used to
stabilize the temperature of the vacuum can around the cavity to better than 0.1 K, but the CTE
of this mixed material cavity is ~ 1 x 10"7AL/L per K. A residual drift of 14 Hz/s remained after
compensation, limited by the frequency resolution of the DDS. The fractional frequency stability
of the primary cavity (black curve) is near its calculated thermal noise limit (dashed black curve)

at 0.1 s averaging time. The slightly larger thermal noise limit of the all-ULE cavity is shown in
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dashed blue. The ADEV of the all-ULE cavity was measured at both room temperature near 23 °C
and at 55 °C, demonstrating the large range of temperatures at which this cavity can operate (our
setup did not allow for cooling the cavity below room temperature). At room temperature, the
frequency is nearly thermal noise limited from 0.1 s to 1 s with a linear drift of 3 Hz/s. At 55 °C,
the frequency stability reaches the calculated thermal noise limit from 0.3 s to 0.8 s, and exhibits a
slightly lower drift rate of 2 Hz/s. No T, was found with this cavity below 55 °C, though we note
the ULE used for this spacer is legacy material from previous experiments [71], and its material
properties are not well known. Still, despite the higher thermal noise and lack of T}, the all-ULE

design can be a valuable compromise where long term-stability and low drift are desirable.
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Figure 4.4: Measured fractional frequency stability expressed as an Allan deviation (ADEV) of a
laser locked to the primary cavity and the all-ULE cavity. An external AOM was used to compensate
for a linear drift of 136 Hz/s on the locked laser. There was a residual drift of 14 Hz/s at the time
of the measurement. The all-ULE cavity did not have a drift canceling AOM and the drift rate
was substantially lower, 3 Hz/s at room temperature and 2 Hz/s at 55 °C. Note that the all-ULE
Cavity is thermal noise limited at 1 s at 55 °C.



Chapter 5

Reference Cavity for a Portable Yb Clock

5.1 Introduction

Microwave oscillators, like quartz and sapphire oscillators, have exceptionally low phase noise
but drift with temperature and require external references for long-term stability. Atomic tran-
sitions make excellent frequency references since all atoms of a given element are identical, and
careful engineering choices can yield frequency selectivity of order 10~!'® or more while limiting
sensitivities to the environment. Microwave clocks using laser-cooled atoms, such as Rb or Cs
fountain devices, exhibit frequency stability of about o, (1) = 10713/,/7 (for an averaging interval
7 in seconds) and < 5 x 10716 accuracy [81], while not being transportable or miniturizable. Fur-
ther, a frequency accuracy (or long-term stability) of 5- 1071 is only sufficient for 1 ns monthly
timing performance if operated 100%-continuously and without technical fault—the expected time
dispersion €, ~ 0y(7) x 7 = 1.3 ns at 7 =1 month.

Atomic clocks based on optical electronic transitions promise orders of magnitude improve-
ment over microwave clocks, in part due to their much higher oscillation frequency. Laboratory-scale
optical atomic clocks have demonstrated 10716/, /7 stability [82, B3] and relative uncertainties near
1018 [84., 85, [86]. While these instruments have already performed new tests of fundamental physics
(e.g. dark matter searches [29]), they are often physically large, complicated, and require a team
of dedicated scientists to operate. Several applications including very long baseline interferometry
(VLBI) telescopes [87], absolute geodesy [84], and navigation [88] can benefit from optical clock

performance but are not compatible with the size and complexity of a laboratory-grade optical
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clock.

There have been a few demonstrations of portable optical clocks to date including “°Ca™
[89], and 37Sr optical lattice clocks [90, @1]. Practical, portable optical atomic clocks must balance
conflicting demands on stability, size, simplicity, cost, and robustness. For a deployed optical clock,
the short-term stability is provided mostly by a laser locked to an optical cavity. For portable
optical atomic clocks, the cavity must also be compact and insensitive to the environment. Here we
design and build a cavity-stabilized laser system based on a 25 mm long vacuum-gap Fabry-Perot
optical cavity, which has been designed to be compatible with a portable Yb clock [92].

In this Chapter, I will present a preliminary measurement of phase noise and stability with
this cavity. Final measurements were never conducted due to a number of technical challenges
including three separate incidence of contamination of the cavity mirrors and problems with the
vacuum system. I describe these challenges, the preliminary results, and next steps so that future
grad students may use them as a reference, but this work on this cavity is incomplete at this time

and should be treated as preliminary.

5.2 Cavity and System Design

The cavity has a 25 mm long, 50 mm diameter, ultra-low expansion (ULE) glass spacer.
The cavity spacer has 4 evenly spaced vacuum vent holes (2 through cross vents) that are 3 mm
in diameter. The central bore is 7 mm in diameter with a 1.5 mm chamfer, which prevents the
coatings from contacting the spacer. The mirrors are fused silica with crystalline coatings. The
mirrors are 25.4 mm in diameter and 6.3 mm long. The coatings are high finesse (> 300,000) at
1156 nm, but the exact finesse depends on the specific cavity modes because even in low vacuum
(10~7 Torr), there is significant water absorption near 1156 nm. Backing rings are contacted to the
backside of the mirrors. The backing rings are made from the same ULE as the spacer, which has
been designed to have a high-temperature zero-crossing in the CTE, near 45° C. The backing rings
are the same diameter as the mirror and are 4.5 mm thick with a 5 mm bore. For more details on

the CTE simulations and preliminary results of the portable Yb Cavity, please see section [6.1
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We use a commercially available diode laser with an external cavity design at 1156 nm. It
is locked to the portable Yb cavity, as shown in Figure 5.1} The laser light is first isolated using
built-in free-space stages before being coupled into a fiber. An Acousto-Optic Modulator (AOM) is
included in the fiber path for potential Relative Intensity Noise (RIN) feedback. The light is then
split using a fiber splitter, with one output serving as the stabilized light output. Next, the light
passes through a fiberized Electro-Optic Modulator (EOM) that generates sidebands for the PDH
lock. After the EOM, the light is launched back into free space, passing through an isolator (ISO)
and reaching the circulator. The circulator consists of a Faraday-Rotator (FR) and a polarization
beam splitter (PBS). This circulator is used so that the light incident on the cavity is linearly
polarized. The crystalline mirrors have a birefringence that splits the TEMg spatial mode into two
frequencies. In order to couple to just one, linearly polarized light is required. Both transmitted
and reflected light are detected.

The reflected light is mixed with the same microwave frequency applied to the EOM. This
mixed signal becomes the error signal, which is used for the PDH lock by feeding it into the servo
or loop filter. The PDH lock system provides feedback to control both the piezo (PZT) and the

current of the diode laser (ECDL), allowing precise stabilization of the laser output.

5.3 Technical Challenges

A number of technical challenges were encountered with this design. I hope that detailing
these challenges will be useful to people designing future cavity systems.

The custom-designed aluminum vacuum enclosure for the Yb cavity used a 1.33” CF flange
to connect the tee for the ion pump and valve to turbo pump, which limited vacuum conductance
from the chamber to the turbo pump and the ion pump. In previous systems, vacuum conductance
was not a primary concern and the surface area of our parts was smaller. The combination of the
1.33” CF tee design and the greater system surface area in this system, resulted in a longer turbo
pump time (approximately 1 month) and a relatively elevated ion pump vacuum pressure. The

higher-than-usual pressure (around 2 x 10~¢ Torr, in contrast to the usual low 10~7 Torr) could be
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Figure 5.1: A system diagram for the laser locked to the portable Yb cavity. A commercially
available 1156 nm external cavity diode laser (Littrow grating design), is used for the lock. The
laser is coupled into fiber after two stages of built-in free-space isolation. A fiberized Acousto-Optic
Modulator (AOM) is in the path, which is present for RIN feedback if needed. Then a fiber splitter
is used to divide the light. One free-port can be used as the stabilized light output or a free space
splitter may be used as well. Then the light is sent through a fiberized EOM, which is used to
provide the sidebands involved in the PDH lock. After the AOM, the light is launched back into
free space, where it passes through an isolator (ISO) before the circulator, which is comprised of a
Faraday-Rotator (FR) and a polarization beam splitter (PBS). Transmitted light is detected and so
is the reflected light. The reflected light is mixed with the same microwave frequency as is applied
to the EOM, and this signal is the error signal provided to the servo or loop filter for the PDH
lock. The PDH lock provides feedback to the piezo (PZT) and the current of the ECDL.
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a factor behind the ion pump malfunction and subsequent replacement. Ultimately, we substituted
the vacuum can with one featuring a 2.75” CF flange port for the pumps.

The original heat shield shields are cylindrical and initially they were attached to the base
with large inner threads (similar to a jar). We used methanol and DI water to lubricate the shields
during assembly (we wanted to avoid any vacuum grease as it might contaminate the cavity mirrors
and be difficult to remove). However, without grease, the large threads ended generating aluminum
dust that contaminated the mirrors, which caused us to send the cavity out for cleaning and re-
contacting more than once. Ultimately, we replaced the large threads with tiny set screws. This
was a technical challenge because the walls of the shields were very thin and there was very little
room in the chamber to make adjustments to the design.

After we repaired the shields, the cavity was contaminated again. We do not know the exact
cause, but some people working at 1156 nm have speculated that cavities at this wavelength may be
more susceptible to contamination due to water absorption near this wavelength. It is not always
possible to choose the design wavelength of a cavity, but sometimes an optical comb can be used

to transfer the stability of a cavity to another wavelength.

5.4 Preliminary Phase Noise Measurement

The estimated thermal-noise-limited fractional frequency instability for the optical cavity is
a little under 1 x 107'°. The Yb cavity has crystalline mirrors, which have lower coating Brownian
noise than dielectric mirrors. This can be particularly advantageous in compact cavities where
the coating noise represents a significant contribution to the total cavity noise. Please see Table
for more detail on the Yb cavity noise. After locking up the cavity, we measured the phase
noise, shown in Fig. 5.2l The free-running laser noise is suppressed by more than 90 dB at some
offsets. The laser is nearly thermal-noise-limited in the first decade. Between 10 Hz and 100 Hz
offset frequency, there is some mysterious additional noise that has yes to be explained but could
be coming from the reference. Further measurements are required to sort this out. Above 100 Hz,

the in-loop electronic noise is a significant contribution.
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The in-loop unlocked noise sits just below the thermal noise limit, which makes improvements
to the system challenging. A lower noise photodetector or more optical power on the cavity (which
can increase the discriminator slope) could help improve this problem. More optical power can also
help improve the discriminator slope. I was typically operating the cavity with 100-5004W, which
is considered high. Because of the shape of the in-loop noise near 1 Hz and below (not pictured),
I also suspect that RAM is contributing to problems with the long-term stability of the cavity.

Careful characterization of laser RIN should also be performed in the future.

5.4.1 Preliminary Allan Deviation Measurement

Preliminary measurements of the fractional frequency instability can be found in Fig.
These measurements show laser noise far above the estimated thermal noise limit of the optical
cavity. Further measurements and analysis will be required. RAM is suspected to be a problem
here. These results are not near the thermal noise limit at these times scales are not at present

good enough for use with a mobile clock.
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Figure 5.2: Preliminary phase noise measurements of the laser locked to the portable Yb cavity.
Free running laser noise is shown in gold: two measurement techniques are required to measure this
noise - both a frequency to voltage converter and a vector network signal analyzer was used in this
measurement. The in-loop estimations of the electronic noise and random amplitude modulation
(RAM) contribution are shown in the two purple traces. The measured out-of-loop phase noise is
shown in blue. The estimated thermal noise limit is shown as a dotted black line.
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Figure 5.3: A few preliminary fractional frequency instability, ADEV, measurements of the Yb
Portable optical cavity. These measurements were taken periodically while trying to find the zero-
CTE point of the cavity, which was, unexpectedly, not found below 55°C. These measurements of
the ADEV are all significantly above the thermal noise limit. One suspected problem is the RAM,
which is contributing even at 1 Hz/1s in the phase noise measurement. An active RAM cancellation
lock may make an improvement here.



Chapter 6

Temperature Sensitivity

The long-term stability of the optical cavity is heavily influenced by sensitivity to temperature
[71]. The cavity expands and contracts according to its coefficient of thermal expansion (CTE), «,
which describes the fractional length change per Kelvin (12 [1/K]).

For portable cavities, a CTE zero-crossing at a point above room temperature is desirable
because it is generally easier to heat a system up than to cool to cryogenic temperatures. Ultra-
low expansion glass (ULE) is a material with a CTE zero-crossing near room temperature, but it
has worse Brownian noise than materials like fused silica (FS), which has a high CTE near room
temperature. In order to get the best of both worlds, some have used mixed material cavities where
the spacer is made of a low thermal expansion material and the mirrors are made of a low Brownian
noise material. For cavities made of a single material, the CTE of the cavity is the same as the
CTE of the material. However, in mixed material cavities, the mismatch in the CTE of the two
materials can cause a strain at the mirror-spacer interface with temperature changes. This strain
causes the mirror to bow and can influence the effective CTE of the cavity.

The mirror strain caused by CTE mismatch has been described well by Wong et al. and
Legero et al. [72][93]. Here we reproduce some of the relevant equations from their work. The CTE

difference in the mirror and spacer results in a temperature-dependent radial expansion:
dR = (o — as)RAT. (6.1)

Assuming that the contact between the mirror and spacer is rigid, the thermal expansion of the

mirror (which is large relative to the spacer in our specific case) results in a radial mirror stress
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which causes the mirror to bow along the axial direction. Assuming a linear stress-strain relationship
(fused silica is a linear elastic material), the radial expansion dR and the mirror displacement along
the axis dB should be connected by a temperature-independent coeffiecent § such that dB = ddR.
The differential thermal expansion of the whole cavity dL as a function of temperature can be
expressed as the spacer’s expansion, LagdT’, plus the axial displacement of the mirrors 2dB. Now,
the effective CTE of the cavity, aess(T) can be written in terms of the CTE of the spacer, o, (T),

and the CTE of the mirrors, oy, (T):
R
Qeff = Qs+ 25f[am(T) —as(T)], (6.2)

where R is the radius of the spacer, L is the length of the spacer, and J is a parameter that is
dependent on the geometry and material properties of the cavity, but not the temperature or CTE
of the materials [72]. Using backing rings, which are rings made of the spacer material optically

contacted to the back-sides of the mirrors, can reduce the ¢ term and make a.fr ~ as.

6.1 CTE Simulations

For the portable Yb clock, long-term stability is critically important. In order to minimize
the sensitivity to temperature, which causes the laser frequency to drift, the effective cavity CTE
was simulated in a finite element analysis software, COMSOL.

The cavity is a mixed material cavity. The spacer is made of ULE and the mirrors are made
of FS. The spacer has a 50 mm diameter, is 25 mm long, and has 7 mm diameter central bore.
The mirrors are 25.4 mm in diameter and 6.35 mm long. After careful simulations, the backing
ring was designed to be 4.5 mm long with the same outer diameter as the mirrors and a 5 mm
inner diameter. The ULE of the spacer and the mirrors is a specialty ULE that has been designed
to have a zero-crossing 45 °C £5°C. Unless otherwise specified, the plots in the following sections
will default to these design parameters (and those more thoroughly described in Table while
varying a single parameter. Fig. shows what the Yb geometry looks like in COMSOL.

The simulation in COMSOL uses custom equations for the CTE of the ULE and the FS
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Spacer length 25 mm
Spacer diameter 50 mm
Mirror diameter 25.4 mm
Mirror length 6.35 mm
Bore hole diameter 7 mm
Bore hole chamfer 1.5 mm
Mirror, backing ring, and spacer chamfer 0.5 mm
Backing ring outer diameter 25.4 mm
Backing ring inner diameter 5 mm
Backing ring length 4.5 mm
Optical spot size, wy 0.36 mm
Contact area (between mirror and spacer) inner diameter 6.35 mm
Holding ring radius 23 mm
ULE zCTE, Tj 45 °C
Simulation reference temperature T
a 2.4 x 1079 1/K?
Secant CTE ULE a(T —Top)/2
Secant CTE FS 500 x 1079 1/K

Table 6.1: A table of the parameters used in the COMSOL CTE simulations of the portable Yb
Cavity. Note that the expression for the secant CTE of ULE is only valid when T,y = Tp.
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0 0.02

Figure 6.1: The Yb cavity geometry in COMSOL. The model is axis-symmetric around r=0.
Technically, only the top half of what is drawn here is needed because the cavity is symmetric in
the plane perpendicular to the optical axis (r=0 axis) as well.
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based on Legero’s paper. The CTE of the ULE, ayrg(T) is:
avre(T) = a(T — Ty) + b(T — Tp)* (6.3)

Where Ty is the zero-crossing temperature of the ULE. For most of the simulations, we assume that
a=2.4x10"[1/K? and b = 0[1/K?] unless otherwise explicitly noted. The CTE of FS, arg, was
set to 500 x 1077[1/K].

The coefficient of thermal expansion CTE equation, Eq. describes the instantaneous or
tangent CTE. It is important to note that COMSOL prefers a different formulation, the secant

CTE. Tangent CTE or instantaneous CTE is defined like this:

dL
T = atangenth (64)
Secant CTE, which is more commonly used in engineering contexts, depends on the reference

temperature, T}..r, at which the length of the material is Lg.

AL
To = asecam&(Ta Tref)AT (6'5)

To convert from instantaneous CTE to secant CTE, we can integrate Eq. from Tr to T:

T
ln(L/LO) = / atangent(T)d’T. (66)
TTef
We define I(T, Ty f):
T
I(T, Tref) = / Qtangent (T)dT (67)
Tref
So that,
AL L ;
o= 2 1= . :
To o e (6.8)

For most temperatures and materials, I(7', T;.f) < 1, such that:

I(T,Tyey)
=" 6.9
O secant (T — Tref) ( )
Let’s consider FS, where apg ¢4 is a constant, which we will call, ¢
T
Jr  cdr
QFS secant = rel =cC (610)

T_Tref B
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S0, aps tan = QFS,secant- What about ULE? If aygn e = a(T — T0),

f;;ef a(r — T0)dr
T — Tref

a
Qsecant, ULE = = §(T+Tref — 2T0) (611)

For the special case of Tper = To, ars,secant(T;T0) = ars;tan(T)/2. Because the CTE of ULE is
small, it is reasonable to set T;..; = Tp (the measured Lg is not measured to a part in 107 anyway,
only relative changes are measured well), but for some materials, it may not be as straightfor-
ward. For more information on thermal expansion in COMSOL, please see this documentation:
https://doc.comsol.com/5.4/doc/com.comsol.help.sme/sme,, gmodeling.05.115.html

Fig. shows a result from a CTE simulation. The output of the simulation is the fractional
length change in the cavity at different temperatures. There is an arbitrary offset in this plot in
the sense that the zero length change point is set by the user (this is the same as the starting
temperature of the simulation, T}..). Because of this arbitrary offset and in order to make it easier
to read the zero-crossing point, I typically take the derivative of this plot, which is shown in the
figure as well.

The exact CTE zero-crossing of ULE, zCTE, depends on the doping of Titania in the glass
[71]. Fig. shows what would happen to the effective cavity CTE given a ULE with different
zero-crossing and without a backing ring. Without the backing ring, the term that describes the
strain between the mirror and the spacer in Eq. dominates. Changing the zCTE of the ULE
does not significantly change the effective cavity CTE when there are no backing rings on the cavity.

However, if backing rings are added to the cavity, the second term in Eq. can be mini-
mized, and the effective cavity CTE should depend more on the CTE of the ULE used in the spacer
(and in the backing rings). The results from this simulation are shown in Fig. The effective
cavity CTE is much more sensitive to the CTE of the ULE in this case, and the zCTE of the cavity
is very similar to the zCTE of the spacer.

The exact zero-crossing depends strongly on the geometry of the backing ring. Fig.
shows how the inner diameter of the backing ring affects the effective cavity CTE. The “1 mm

ring” represents nearly a full disk. A ”thicker” ring (smaller inner diameter) is ideal for shifting


https://doc.comsol.com/5.4/doc/com.comsol.help.sme/sme_ug_modeling.05.115.html
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Figure 6.2: The right side axis and pink plot is the simulated fractional length change of
the portable Yb cavity design at different temperatures. Note that there is an arbitrary offset in
the sense that the user sets the zero length change temperature, T;..; where L = Lo. The Left
side axis and purple trace is the instantaneous CTE of the cavity as a function of temperature.
Where this line crosses zero, the cavity is the least sensitive to temperature. This plot is for the
simulation of the Yb cavity with all of the default/expected parameters. The zero-crossing in this
case ~ 44°C .
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Figure 6.3: This plot demonstrates the sensitivity of the cavity CTE to the zero-crossing of the
ULE used in the spacer when there are no backing rings on the cavity. The cavity CTE is not very
sensitive the ULE CTE zero-crossing. This method cannot be used to change the effective cavity
CTE to above room temperature.
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Figure 6.4: This plot shows that the cavity CTE is sensitive the CTE zero-crossing of the ULE
used in the spacer and the backing rings. With backing rings, the strain between the mirror and
spacer is minimized and the zCTE of the cavity is nearly the zCTE of the spacer.
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the zCTE of the cavity up. Fig. shows the effective cavity CTE dependence on backing ring
thickness. Thicker rings increase the zCTE crossing point of the cavity until the ring is about 6
mm thick, then there are diminishing returns on backing ring thickness.

Fig. shows the dependence of the effective cavity CTE on the contact area between the
mirror and the spacer when there is no backing ring on the cavity mirrors and Fig. shows the
same plot when there are backing rings. From previous COMSOL simulations, we understood that
this was an important parameter and one that can be difficult to predict. Imperfections in the
polishing process lead to variability in this parameter. However, when there are backing rings on
the mirrors, the zCTE of the cavity is insensitive to the mirror-spacer strain and also less sensitive
to the contact area between the mirror and spacer.

After mounting the optical cavity and setting up the laser lock, we measured the CTE of the
cavity by tracking the locked laser frequency as we changed the temperature of the vacuum chamber.
The results were very surprising. Fig. [6.9]shows the measured frequency shift vs. temperature for
the portable Yb cavity as well as a parabolic fit to the measured data pints. The fit suggests a
CTE zero-crossing of 63 °C, which is much higher than the predicted zero-crossing of 44 °C.

By converting to a fractional frequency shift and taking the derivative of the fit, we can
compare the predicted effective cavity CTE to the measured cavity CTE, which is shown in Fig.
[6.10] The measured CTE curve is substantially different than the simulated curve.

Let’s reconsider Eq. and the CTE ULE estimation (Eq. :
2 R 2
aeff = a(T —Tp) +b(T —Tp)” + 255[am(T) —a(T —Tp). — b(T — Tp)“] (6.12)

Let’s assume it is reasonable to estimate b = 0 and that a,,,(T) is a constant around room temper-
ature, then:

Qeff :a(T—To)—|—25%[am—a(T—To)]. (6.13)

For our cavity, R/L is 1. We can re-write this as:

aepp = a(l = 20)(T — Tp) + 26t (6.14)
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Figure 6.5: This plot shows the cavity CTE dependence on backing ring inner radius. In this
case, 1 mm diameter represents nearly a full disk and 10 mm diameter represents the thinnest ring
simulated. More backing ring contact with the mirror represent causes a higher cavity CTE, but a
hole in the backing ring is required for the AR coating on the mirror and to avoid etalons in the
backing ring.
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Figure 6.6: This plot shows how the cavity CTE depends on the thickness or height of the backing

ring. There are diminishing returns for increasing backing ring thickness. There is almost no change
in the cavity CTE zero-crossing from 6mm-10mm.
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Figure 6.7: This plot demonstrates cavity CTE dependence on contact area when there is no backing
ring. Imperfections in mirror or spacer polishing can limit the contact area. Without a backing
ring, these variations can make the exact cavity CTE at room temperature difficult to predict.
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Figure 6.8: This plot demonstrates cavity CTE dependence on contact area when a backing ring
is applied to the cavity mirrors. Imperfections in mirror or spacer polishing can limit the contact
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Figure 6.9: A measurement of the cavity frequency vs temperature. A a parabolic fit is used to

estimate the expected zero-crossing.
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The slope of the curve can be written as a(1 —2J). The simulated slope =~ 2.6 x 1079, so § ~ —0.04.
The cavity effective CTE should be very similar to the the spacer CTE when § is small. The slope
of the measurement, is ~ 1.0 x 1079 [1/K] and the zero-crossing is above 60 °C. This implies that
the spacer material CTE has both a different slope and zero-crossing than expected. However,
there may be something wrong with the measurement or our simulation inputs. In terms of the
measurement, there are very few points in the frequency versus temperature plot (Fig. . It
takes approximately 1 week to add 1 point to the temperature plot due to the heat shields around
the cavity. The temperature is measured on the outside of the can where heater tape is applied.
A week of measurement time was required to allow cavity to thermalize and for the frequency
to be within 1 MHz of the fully settled value. Ideally, for a good parabolic fit, there would be
points after the derivative change. However, during this measurement, the ion pump died. A new
measurement will need to be completed now that that the ion pump has been replaced. It would
also be ideal to heat the cavity shields instead of the outside of the vacuum can in order to reduce
the thermal mass to be heated and amount of time required to heat the cavity. On the other hand,
this measurement strongly implies that there will not be a zero-crossing at or below 50°C, which still
is still inconsistent with the simulations. I built confidence in the simulations by running them on
a cavity in the Legero et al. paper (for which there are both simulation results and measurements)
with good agreement. In the following subsection, I revisit the COMSOL simulations with more
careful consideration of the cavity holding structure, but this does not explain the discrepancy
either. At this point it seems likely that there is a problem with our understanding of the material
properties or the system behaviour. I suspect that the highly doped ULE has material properties

that are different from my simulation inputs, but more investigation is needed.

6.1.1 CTE and Holding Force

The CTE of the cavity is much less than the CTE of the holding structure, which is made
of Invar. It is reasonable to wonder if a change in the holding structure may induce a CTE change

in the cavity. To get a sense of the correct order of magnitude, we may want to consider the
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stress-strain relationship for the Viton o-rings that sit between cavity and mounting structure:

ALviton

oc=ckE =
Lm‘ton

E, (6.15)

where o is the stress (force per area), € is the strain (fractional length change), and F is the Young’s
modulus. Invar is a lot more rigid than Viton, so we can assume that AL,iton = —ALjnypar- We
want to know how the force applied to the cavity changes with temperature, so we can write the
length change in terms of the CTE of Invar.

E
2 2
L. 7r(route’r‘ - Tinner)
viton

AF(T>/AT =0A= _(ainvaervar) (6.16)

Here r;nner and r,uter are the inner and outer radii of the cylindrical cavity. For the Yb cavity,
this works out to be ~(100 mN/K ).

If we re-run the CTE simulation where the holding ring pushes on the cavity in this tempera-
ture dependent way, there is no significant change in the effective CTE of the cavity. However, there
is a worst case example we may want to consider. Suppose that the Viton o-rings are extremely
over compressed and no longer compressible. In this case the displacement where the rings touch
the spacer is equal to the displacement applied by the holding structure. This does change the

zCTE of the cavity, as shown in Fig.

6.1.2 Millimeter Cavity CTE

The all ULE cavity in Chapter {4] is made of legacy material from NIST for the spacer and
off-the-shelf ULE mirrors. The exact zCTE of the spacer and mirrors is unknown, but the material
properties should be similar enough that the strain between the mirror and spacer should be small.
The effective CTE of the cavity should be similar to that of the spacer. I tried to measure this

CTE in Fig. but found no zero-crossing below 55°C, which is surprising for ULE.

6.2 Temperature Isolation & Heat Shields

Even when the cavity is designed to be insensitive to temperature, care must be taken to

isolate the cavity from any external temperature fluctuations, S}é 2( f). Although the cavity is op-
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Figure 6.11: The simulated CTE of the cavity when the displacement in the holding rings is equal
to the displacement of the holding structure (worst case scenario). The effective cavity CTE does
change in these conditions, but not enough to explain the discrepancy in the measured cavity CTE.
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Figure 6.12: A measurement of the relative frequency shift of the all ULE mm-scale cavity versus
temperature. Surprisingly, no zero-crossing was found below 55 °C. The spacer was made of legacy
ULE stored at NIST and has unkown material properties.
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erated near the zCTE point, there are limitations in the precision and accuracy of temperature
feedback control. To see the best possible performance, temperature fluctuations from the environ-
ment can be suppressed using heat shields. In the limit of radiation-dominated heat transfer, these
heat shields act like low pass filters on the heat transfer [94].

The transfer function, ]:Iij (w) between two layers in a heat shield can be written as:

Hl-j(w) = J (617)

Where Tj(w) is the temperature of the i** layer. To find the form of this transfer function, one
can either solve for the result in COMSOL or analytically solve the Fourier transform of the heat

exchange equation:

: oT
Qv = pegr = V- (kVT) (6.18)

Where p is the density, c is the specific heat, and k is the thermal conductivity. For radiative heat

transfer ,
: o AT (t) — T;]
§j(T) = ——5—— (6.19)
ij

Where ¢ is the Stefan-Boltzmann constant, A; is the area, T} is the temperature in Kelvin of the

respective layers and f;; is a term including the view factors and emissivities, (see Sanjuan et al.
[94] for details). In the simplest case of radiative heat transfer with no temperature gradients in the
layers, all layers have the same material properties, and the layers are uncoupled, the heat transfer
can be written as:

H(w) = (1 +iwr) N (6.20)

Where there are N concentric thermal shields (N + 1 layers) and 7 is the time constant of the
system or the inverse of the characteristic frequency, w51:

4o AT
we = —20, (6.21)
m;c; i
In this way, the heat shields act as low-pass filters for temperature fluctuations. In order to improve

the stability of the optical cavity, one can increase the number of layers of the heat shields or improve

the characteristic frequency of the layers by improving the emissivity of the layers, for example.
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Figure 6.13: The simulated (blue) and calculated (orange) transfer function for two layers of alu-
minum heat shields with an emissivity of 0.4. The time constant of this system is greater than half
a day.

The solution that is written in Eq. makes many simplifications. For a more complete
solution, including conductive heat transfer of the supports, please see Sanjuan et al. [94]. We used
the solutions from this paper and COMSOL modeling to determine the number of heat shields
required for the Yb Cavity.

It can be difficult to get the exact parameters for the heat shield calculations/simulations.
Emissivity for example, can depend on variability of the polishing of the surface. However, the
simulations can be used to draw conclusions which are useful to the design. In general, what works
best is highly polished shields with small apertures for the optical beam bath. The supports should
have a small cross section and be made of a low thermal conductivity material.

Fig. [6.13] shows the results from a heat shield COMSOL simulation and the analytical
calculation for the same design. The simulated shields are made of aluminum and have an emissivity
of 0.4. The time constant for this system is greater than half of a day, which means fluctuations
on times scales of less than half of a day will be filtered out.

Fig. [6.14] shows a photograph of the head shields used with the portable Yb cavity. The heat
shields have been specially polished to improve emissivity.

To measure the CTE of the cavity, I changed the temperature of the vacuum can enclosure
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Figure 6.14: Photograph of the optical cavity mount and the heat shields. The mounting structure
is made of heat-treated Invar. The structure supported by PEEK screws and PEEK spacers are
used to separate the heat shields. PEEK is used because of its low thermal conductivity. The heat
shields are made of Aluminum and have been polished to increase the emissivity. In this photo a
PEEK base plate is used to attach the structure to a 6” CF vacuum flange, however, this piece was
later replaced with an identically shaped Macor part. This was because the PEEK base plate was
found to increase the vacuum pressure of the chamber. PEEK is considered a vacuum-compatible
material at the pressures we are interested in, ~ 10~7 Torr, so there may have been a problem with
this particular sample. We make no claim about the vacuum compatibility of these materials.
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Figure 6.15: Laser frequency change versus time for two different temperature changes applied to
the outside of the vacuum can for the Yb cavity.

and waited for the frequency of a beat note between a laser locked to the cavity and a laser locked
to a more stable cavity to settle out. For a few of the temperature steps, I recorded the frequency
versus time shown in Fig. I fitted these curves to an exponential decay fit, F' = Ae~ U™ 4+ Fy,
and found that the time constant, 7, was 2 days. This is a good indication that the heat shields

are working well.



Chapter 7

Acceleration, Vibration, and Holding Force Sensitivity

7.1 Holding Force

Lab-based cavities can rest on surfaces without being clamped, but portable cavities must
be rigidly held. The holding structure can cause the length of the cavity to change. This can be
understood by considering the behavior of a linear elastic cylinder compressed on the end faces
either near the center or the outer diameter (see Fig. . For a small ring-radius holding force,
the length of cylinder’s central axis will reduce as the holding force is increased. In contrast, when
squeezed at a large diameter near the cylinder’s rim, distortions in the spacer shape cause the
length along the central axis to increase. A first-order holding force-insensitive point on cavity
length lies in between these two extremes. This simple description is complicated by the fact that

spacer distortions are coupled to mirror distortions, such that the mirror diameter, thickness and

- -
B -
- I

Figure 7.1: A cartoon demonstrating how where a linear elastic cylinder is held on its endfaces
might change the length along the z-axis of the cylinder. In the first case, when the edges of the
cylinder are compressed, the cylinder bows outward, representing and increase in cavity length. In
the second case, when the compression occurs along the center of the cylinder, the endfaces bow
inward, representing a decrease in cavity length.
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the contact area between the mirror and spacer impact the holding force sensitivity. Moreover,
depending on the spacer’s aspect ratio, the holding force insensitive radius may be too close to the
outer rim to be practicable. Simulations can be used to gain intuition about what kind of cavity
parameters are important to holding force sensitivity.

To find this holding force insensitive point, we use COMSOL to model the cavity. In this
chapter, the COMSOL simulations for the FS-ULE and ULE-ULE cavity are compared to direct
measurements of the cavity holding force sensitivity and found to be in good agreement. The Yb
cavity holding force is simulated, but these simulations are not experimentally verified. The Yb
cavity was very prone to contamination or excess loss caused by some sort of particle on the mirrors.
The holding force sensitivity measurements are typically performed in air, and were deemed too
risky for the Yb cavity, which is operated at 1156 nm. There are water absorption lines near 1156
nm, and there is a possibility that the strong light field in the cavity could lead to evaporation of
water onto the mirrors leaving a residue behind.

For the Yb cavity, the holding force sensitivity was simulated with spacers of varying diameter.
Fig. shows the results of this simulation. In general, more “pancake-like” cavities (where
R > L), have holding force zero-crossings.

To simulate this holding force sensitivity for our for the FS-ULE and ULE-ULE cavities, an
axisymmetric cavity model was built in FEA simulation software, and a simulated force was applied
to the ULE spacer end faces along a ~0.2 mm-wide ring that is equal and opposite on both ends
of the cavity. Cavity length changes were calculated as a function of the holding force ring radius.
As expected, the holding force sensitivity depends on many parameters such as mirror thickness
and diameter, spacer thickness and diameter, and contact area.

Fig. [7.3] shows how the holding force sensitivity of the ULE-ULE cavity depends on the
contact area between the mirror and spacer. It is useful to know that holding force is sensitive to
this parameter because it can be difficult to control the contact area exactly. The mirrors are hand
polished. When the radius of curvature of the mirrors is large, the sag is very small. This means

that it can be difficult to obtain a smooth surface without changing the amount of contact area
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Figure 7.2: A holding force sensitivity plot for the Yb cavity based on COMSOL simulations. With
the green trace, the spacer diameter is set to 40 mm. There is no holding force zero-crossing before
the edge of the spacer with this cavity. In the gold trace, the spacer diameter is set to 50 mm.
There is a zero-crossing in the holding force sensitivity near 45 mm in this case. In general, more

“pancake-like” (R larger than L) cylindrical cavities have holding force zero-crossings.
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between the mirror and the spacer. Further polishing the contact annulus can quickly erase the
curved center of the mirror and further polishing the curved portion of the mirror can change the

amount of contact annulus.

7.1.1 FS-ULE and ULE-ULE Holding Force Measurement

Sensitivity to holding force was measured and compared to simulations, as shown in Fig. [7.4]
The cavity is held by rings on the end faces of the spacer, and can be first-order insensitive to changes
to the holding force. For the FS-ULE cavity and an optical contact annulus width of 6.4 mm, a
holding-force zero-crossing is predicted for a holding diameter just above 20.5 mm, slightly larger
than our largest o-ring. Perhaps more importantly, simulations of the FS-ULE cavity geometry
show a weak dependence of the holding force sensitivity to the o-ring diameter. This can benefit
manufacturability because it can be difficult to obtain an o-ring with diameter that exactly matches
that of the zero-crossing. To further verify our holding force results, we simulated and measured
the holding force sensitivity of the all-ULE cavity, also shown in Fig. [7:4] In this case, the holding
rings are placed on the backside of the mirrors. For both cavity designs, the dependence of holding
force sensitivity on the contact area is displayed using the shaded sections. For each simulation, the
upper bound of the shaded region represents a larger contact area, and the lower bound represents
a smaller contact area. The primary cavity design (FS-ULE) has a lesser dependence on contact
area and is more resilient to manufacturing error in this way.

To measure the holding force sensitivity, the cavity was mounted in air with the optical axis
aligned vertically (parallel to the force due to gravity). A small weight of known mass was applied
to the top of the cavity for each available holding diameter. The change in frequency of a laser
locked to the cavity was observed, and the resulting fractional frequency shift per newton was
calculated. The weight was applied and removed a minimum of eight times to establish statistics
on the reproducibility of holding force sensitivity measurement. Potential systematic errors, such
as a small angle between the optical axis and the force due to gravity, are ignored.

The results are consistent with the simulations, verifying our understanding of the cavity
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Figure 7.3: Left: an exaggerated cartoon showing the contact area between the mirror and spacer.
Right:A plot showing holding force sensitivity vs o-ring diameter for the ULE-ULE cavity. Each
trace represents a different contact area between the mirror and spacer. From top to bottom the
contact area decreases. The contact area between the mirror and spacer is a variable that can be
difficult to control exactly due to variations in the polishing step and a very small sag in the mirror
for large radius of curvature, but the green trace is the ideal and the blue trace is similar to what
we observed in the lab as the clear area between the mirror and spacer.
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Figure 7.4: a) Photographs of the primary cavity and the supplemental all-ULE cavity. The
cavities have identical spacers, but different mirrors. b) Experimental results showing the holding
force sensitivity’s dependence on o-ring size, demonstrating excellent agreement with the finite
element analysis results, which are shown as shaded regions. The y-error bars are a combination of
the standard deviation in the frequency shift measurement and the uncertainty in the mass of the
weight applied. This does not include any systematic offsets. The x-axis uncertainty is an estimate
based on the thickness of the o-ring (1 mm). Simulations incorporated a range of mirror-spacer
contact areas, where the contact annulus width varied from 3.2 mm to 2.5 mm in the FS-ULE
cavity, and 6.4 mm to 5.1 mm in the all-ULE cavity.
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and its design. The primary cavity design with 12.7 mm FS mirrors has a fractional frequency
shift per newton of less than 2.4 x 10~® with all of the o-ring diameters that were tested. This
behavior is contrasted with the secondary cavity with 25.4 mm ULE mirrors, where the holding
force sensitivity has a stronger dependence on o-ring diameter. These simulations also agree with
the holding force sensitivity measurements.

We assess the holding force sensitivity by considering a change in holding force due to a
temperature change of the rigid mounting structure. By accounting for the CTE of the Invar
structure and the elastic properties of the o-rings, we estimate the temperature-dependent holding
force change on the cavity as ~ 3 mN/K. This leads to a fractional cavity length change of <
10719/K. This is several orders of magnitude smaller than the CTE of the FS-ULE cavity of
~ 1077/K. This is also smaller than what one could expect when operating near the cavity T,
where the CTE for a 1K change is ~ 107? /K. Thus, the temperature induced cavity length change

will be dominated by the cavity itself as opposed to the holding force changes.

7.2 Acceleration Sensitivity

Cutting-edge vacuum-gap Fabry-Pérot cavities are typically installed on vibration-isolation
platforms within soundproof enclosures. These enclosures are strategically placed in low-traffic
areas, with some cases involving measurements of floor vibrations to identify the quietest spot.
These measures are implemented to minimize vibration-induced frequency changes in the optical
cavity. Portable cavities cannot operate in a fixed location, and although some level of active and
passive vibration isolation may be used, it has to be compact enough to be mobile. Ideally, the
optical cavity and its mounting structure exhibit a high degree of passive insensitivity to vibrations.

Compact cavities have the potential for inherently lower acceleration sensitivity. We can
begin to understand this by imagining a glass cylinder resting on a surface under gravity. For small
deformations, glass is a linear elastic material. A linear elastic cylinder resting on a surface under

gravity will compress due to the stress applied to the surface of the cylinder under its own weight.
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The stress-strain relationship for a linear elastic material is:
0 = Ek, (7.1)

where o is the stress or the pressure applied, € is the strain or the fractional length change, AL/L,
and E is Young’s modulus that describes the stiffness of the material. The force due to gravity
acting on the cylinder, Fj is related to the cylinder’s mass, which we can write in terms of the
density p, length L, area of the circle resting on the surface A: Fy, = mg = pgLA. The strain is

this force divided by the surface area. So, we can write the strain e like so:

_ AL _pg
L E

€

L. (7.2)

What is significant about this expression is that the fractional length change (and therefore the
fractional frequency change) depends on the length of the cylinder. If you have two cylinders
with the same density and Young’s modulus, the longer cylinder will be more sensitive to changes
in acceleration (like g). This is why compact cavities are considered desirable for passively low

acceleration sensitivity.

7.2.1 Theory

When a cavity is under an acceleration, a, in the direction of the optical axis, the cavity will
be compressed by a factor that depends on its young’s modulus, density, and geometry (Eq. .
What about when the cavity is under vibration, a(t)? How does the cavity length change in this
case? This question is a bit tricky when the cavity is symmetric about the plane perpendicular
to the direction of acceleration. In this case, the length of the cavity, L, is the same when a is
positive or negative. So, we need to think about the absolute value of the acceleration. Suppose
a(t) = Acos(wt), now L(t) = c|Acos(wt)| + Lo, where A is the amplitude of the acceleration
modulation and c is an acceleration sensitivity coefficient. What will this look like in the frequency
domain?

Let us take the Fourier transform of L(¢). For simplicity, let us call wt, z. L(t) is an even
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function, so there are no sin(nx) coefficients in the Fourier transform. For the cos(nx) coefficients:

T / cA| cos(x)] cos(na)dz = > / cA| cos(x)| cos(na)da. (7.3)
™ Jo

T J-m

The absolute value function can be a little difficult to look at so we can break it up into a piecewise

function over the [0, 7] interval:

cos(z), O0<z<m/2
| cos(z)| = (@) <n/2 . (7.4)

—cos(z) 7w/2<xz<mT

Now,
) w/2 2 ™
l, = / cA cos(x) cos(nzx)dr — / cA cos(zx) cos(nz)dz. (7.5)
0

T T 7r/2

Forn=1,1, =0. For n > 1,

B 2\ rcos(nm/2)  cos(nmw/2) — nsin(mn)
b= cA(Z) |5 - e B (7.6)
This expression simplifies because sin(7n) = 0 for all integers n:
ln, = CA(L) cos(nm/2). (7.7)
(1 —n?)

The first non-zero coefficient is ag = CA%.

Because of symmetry, the acceleration response of the cavity is spread out into higher fre-
quency tones. This can be an advantage because it can essentially raise the acceptable acceleration
level if your goal is to keep the acceleration-induced tones below the frequency noise of the laser. In
this case, the ratio of the PSD of the single tone of the acceleration to the PSD of the first non-zero

tone in the length PSD is:

PSDp(2w) a3 5 16 )
PSDJ(w) (A2~ gp2 T 018 (7.8)

However, this solution assumes that the acceleration is centered around zero. Along the axis parallel
to g, the vibrations will always look like a(t) = Acos(wt) — g . Suppose a(t) is always negative

(A < g). In this case, we do not get to take advantage of the symmetry of the cavity about the
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plane perpendicular to g. The PSD of the length will now have peaks at the same frequencies as

the acceleration:
PSD,(w) - (7.9)

This picture helps us develop intuition about how symmetry impacts the acceleration sensi-
tivity of the cavity. When the optical axis is aligned with the direction of the acceleration, we can
use the stress-strain equation and the material properties to estimate ¢, but for accelerations along
other axes, we need to think extra carefully about how the material will flex. For this, we need to
consider the deformation of the cavity under acceleration and also take into consideration the full
cavity geometry including the mirrors, boreholes, and backing rings. COMSOL can be used to do
this analysis. Ultimately, we find that symmetric objects perform better, but we run up against
obstacles like machine tolerances. Further, the acceleration sensitivity in the symmetric case can
be difficult to simulate accurately. For the Yb cavity, the number of points required to simulate
the cavity carefully (and have converging results), often caused the program to crash.

Previous work on cavities ranging from 5 cm to 20 cm in length with cubic, spherical, and
cylindrical geometries have demonstrated passive (without vibration feedforward correction) accel-
eration sensitivities in the 107'2¢g~! to mid 10719~ range [38, 5, [3, 05| [7, ©6, [1, O7]. There are
two common ways to measure the acceleration sensitivity. One is to flip the cavity along three
mechanical axes such that the cavity experiences an acceleration change from —g to g and measure
the frequency shift under this 2g acceleration change. This method inherently involves the sym-
metry case, and could under-predict the sensitivity of the mechanical axis normally aligned with
g. I think of this as the residual asymmetry vibration sensitivity. Another method is to place the
cavity on a vibrating platform [38] and measure the frequency noise of a laser locked to that cavity
at the frequency offset equal to the frequency applied. In this method, one of the axis will be more
strongly aligned with g, which captures the worst case acceleration sensitivity. Although, when the
vibrations are small, which they typically are, and the platform is not perfectly perpendicular to g,

which can be difficult to to obtain, g will likely have some small component projecting into all of
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the axes tested which breaks the symmetry along all axes. Even if g does not break the symmetry,
machine tolerances and the mounting structure will likely break the symmetry. Additionally, the
acceleration spectrum is never really a single tone in practice. The harmonics of the tone applied
are involved too. This can make disentangling the acceleration sensitivity difficult. I had hoped
to see a second harmonic response in the phase noise higher than the first, but I never saw this in

practice.

7.3 FS-ULE Flip Test Acceleration Sensitivity Measurements

For the Mini FS-ULE cavity, I employed the flip test method. We simulated and measured
the acceleration sensitivity of our FS-ULE cavity under a 2g static flip test [3, [IL 5]. We placed the
cavity in vacuum onto a rotatable optical breadboard that allowed us to flip the cavity along three
mechanical axes. This table is shown in Fig. The cavity was flipped along three mechanical
axes using a special table designed to flip all of the free space optics, detectors, and the optical
cavity inside of the vacuum can.

The first measurement of the acceleration sensitivity is shown in Fig. One thing to note
is that the axes that are drawn are the axes that get flipped in the measurement. There is an
ambiguity with rotational axes. For example, consider the black axis that is drawn in figure [7.6
A rotation about this axis can take the optical axis from -g to g and it can also take the vent hole
from -g to g. From here on out, the axes that are drawn in flip tests are the mechanical axis that
are flipped. So, the red axis, for example, flips the vent hole from -g to g.

The acceleration sensitivity of axes 1, 2, and 3 in this measurement are 3 x 107%¢~!, 4 x
107191 and 1 x 1071%g~1. These values seemed a little high compared to the literature. From
simulations, we knew that the mounting of the cavity could significantly impact the acceleration
sensitivity. If, for example, the cavity was placed such that the o-rings were not concentric with the
mirrors and spacers, this could result in a higher measured acceleration sensitivity. I remounted

the cavity and measured the acceleration sensitivity again. The results of this measurement are in

Fig. [7.7
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Figure 7.5: Photographs of the flip table that was used in the FS-ULE cavity acceleration sensitivity
measurement next to a cartoon illustration of how the cavity orientation will change during the
flip. In this case, the cavity vacuum vent hole goes from pointing up to pointing down.
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Figure 7.6: Preliminary acceleration sensitivity measurement of the FS-ULE cavity using the flip
tests. A linear drift (presumably due to temperature) has been removed from the measurement.
Mechanical axis 1 corresponds to the flip which takes the vent hole on the cavity from up to down.
Mechanical axis 2 flips the cavity axis that is perpendicular to both the vent hole and the optical
axis. Mechanical axis 3 flips the optical axis. The acceleration sensitivity of axes 1, 2, and 3 are
3x107% 71, 4x1071% 1 and 1 x 107191,
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The final measured acceleration sensitivities along the three axes are 5 x 1071g™1 3 x
10719~ and 6 x 107°~!. The axis with the highest sensitivity corresponds to a flip that
changes the cavity vent hole from pointing up to pointing down. This is the largest mechanical
asymmetry in the design, and FEA simulations indicate that the acceleration sensitivity should be
at best ~ 3 x 1071%~! along this mechanical axis.

We note that this low level of acceleration sensitivity was achieved without active alignment
of the cavity supports (although we did remount once). The cavity is simply centered in the
mount by visual inspection and the Viton o-rings are centered to the mount using grooves in
the holding structure. Simulations indicate that additional minor asymmetries would result in
higher acceleration sensitivity. For example, offsets in the mirrors along the vent hole direction
can cause ~ 6 x 10719~ per millimeter offset, and offsets in the holding rings along the vent
hole direction result in ~ 8 x 10~ ¢~! per millimeter offset. A similar geometry with smaller vent
holes evenly spaced radially should perform better due to a higher degree of symmetry. In the high
symmetry cavity case, alignment tolerance will dominate, likely at the 107''g~! level assuming
sub-millimeter alignment tolerance, but this depends on a wide parameter space and could likely

be further optimized by changing variables like mirror thickness.

7.4 Portable Yb Vibration Platform Test

In order to improve the symmetry of the cavity compared to the FS-ULE and the ULE-ULE
designs, four vacuum vent holes were utilized in the Yb cavity case. The vent holes are as narrow
as was deemed achievable by the machinist, 3 mm in diameter. This is because larger vent holes
represent larger asymmetry in the mass distribution of the cavity. However, in future designs, it
is also worth considering how narrow vent holes limit vacuum conductance. For four vent holes of
3 mm diameter and 9 mm in length (connected in parallel in terms of vacuum conductance), the
estimated molecular flow vacuum conductance of air at 20°C is ~1.5 L/s, which is on the same
order as the typically pumping speed of the ion pumps we use at 3-51/s. These narrow vent holes

already represent a choke point in vacuum conductance so further study may be required in future
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Figure 7.7: a) Diagram of the cavity indicating the mechanical axis along which the cavity is
flipped. In the red flip test, the cavity vent hole goes from up to down. In the blue flip test, the
optical axis is flipped, and in the black flip test, the mechanical axis which is perpendicular to both
the vent hole and the optical beam is flipped. b) Flip test measurements of the primary cavity
acceleration sensitivity. The cavity is flipped along three mechanical axes inducing a 2g acceleration
change while a laser stays locked to the cavity. The change in frequency is observed. Linear drift,
attributed to cavity temperature change, is removed from the data. The worst axis is 6 x 10_10%
per g, and this axis corresponds to flipping the vent hole up and down. The asymmetry caused by
the vent hole is likely contributing to higher acceleration sensitivity along this axis.
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designs to balance these two needs.

For the Yb cavity, I measured acceleration sensitivity using an active vibration isolation table
(Herzan T'S-150 LP). The mechanical axes can be individually driven while the active isolation is
enabled. The mechanical axes are named V, which is the vertical axis aligned roughly with g, H1,
which is the horizontal axis aligned with the short side of the TS-150 which is roughly aligned with
the optical axis, and H2 which is aligned with the long side of the TS-150. The cavity is mounted
so that the four vacuum vent holes are at a 45-degree angle with respect to g. This means that the
V and the H2 mechanical axes probe roughly the same mechanical behavior of the cavity due to
the cavity symmetry. However, the V axis sees less benefit from the symmetry of the cavity (due
to g breaking the symmetry of the acceleration probe) and we expect that it will perform worse as
a result.

For each vibration axis V, H1, H2, I modulated the table at 11 Hz and recorded the cavity
phase noise, as well as the PSD of the acceleration noise using an accelerometer that was mounted
along each of these axes. I also took the same data when no modulation was engaged. Fig. [7.§|
shows the phase noise spectrum of an optical beat note between a laser locked to the portable Yb
cavity and a low noise reference laser. The phase noise spectrum, even without any modulation, is
surprisingly high. This is likely because the phase noise cancellation link is unlocked and adding
noise to the reference arm. However, the modulation tones come in above the unmodulated phase
noise level so we can live with this level of phase noise for this measurement.

Along the V direction, we can see a clear response at 11 Hz, 33 Hz, and 55 Hz. These
harmonics can be used to asses the flatness in the acceleration response because each of these
harmonics is also present on the acceleration spectrum. The acceleration sensitivity is 2 x 10719 at
11 Hz, 33 Hz, and 55 Hz. For the other mechanical axes, it is more difficult to detect harmonics
in the phase noise. It would be interesting to revisit this measurement with a lower noise reference
arm. The H1 modulation probes along the optical axis. Along the H1 direction, the acceleration
sensitivity is &= 6x 10~ g~!. This is the lowest acceleration sensitivity response. This is also the axis

along which the cavity is suspended by Viton o-rings. There may be some frequency-dependent
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Figure 7.8: Phase noise measurement of the portable Yb cavity against a reference. The reference
noise level is significantly above the noise of the portable Yb cavity, but it is low enough to see
some phase noise response at the modulation tone for the acceleration sensitivity measurement.
The green trace is the phase noise when there is no modulation. The red trace is the V modulation,
which is closely aligned with g. The light blue trace is the H1 modulation, which is closely aligned
with the optical axis of the cavity. The dark blue trace is the H2 modulation perpendicular to the

previous two axes.
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Figure 7.9: The acceleration noise spectrum when the v-direction modulation is engaged. The

measurement is taken along all three mechanical axes to confirm the coupling to the other axes is

minimal.
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Figure 7.10: The acceleration noise spectrum when the Hl-direction modulation is engaged. The
measurement is taken along all three mechanical axes to confirm the coupling to the other axes is
minimal.

filtering that is caused by these o-rings, but it is too difficult to tell at this time. It would be
interesting to repeat the measurement for multiple frequencies. The viton o-rings like have a low
mechanical resonance in the 10’s of Hz range. Along the H2 direction, the acceleration sensitivity
is ~ 9 x 10~ g~ It would also be interesting to carefully level the platform, rotate the vacuum
chamber, and repeat the measurement to see if the second harmonic can be made to be stronger
than the first in a symmetry dominated measurement of the acceleration sensitivity. Unfortunately,
time constraints, which were worsened by several occurrences of mirror contamination and ion
pump death, have made a repeat of this measurement impossible at this time. I have included the
preliminary results on this cavity here as a reference for any future grad students who may wish to
make similar measurements. Along the H2 direction, the acceleration sensitivity is ~ 9 x 10~ 11g~1.

To see the acceleration PSD for the modulation applied in the V, H1, and H2 directions,

please see Fig. Fig. and Fig. For the phase noise response, please see Fig.
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Figure 7.11: The acceleration noise spectrum when the H2-direction modulation is engaged. The
measurement is taken along all three mechanical axes to confirm the coupling to the other axes is
minimal.

Direction Acceleration Phase Noise Level Acceleration Sensitivity
g2 JHz dBrad?/H z g !
g-direction / V 8.7x 1078 1.5 2 x 10710
g-direction / V 3rd Harmonic ~ 4.7 x 107" -17.7 2 x 10710
g-direction / V 5th harmonic 7.0 x 107° -20.7 2 x 10710
Optical Axis / H1 7.6 x 1078 -8.4 6 x 1071
Other Horizontal / H2 8.7x 1078 -4.6 9 x 10~

Table 7.1: A table of the values used to calculate the acceleration sensitivity of the portable Yb
axis. The acceleration noise spectrum PSD and the phase noise PSD are taken using the same
resolution bandwidth, 940 mHz. The height of the peak in the acceleration noise PSD and in the
phase noise PSD are entered into columns 2 and 3 and the acceleration sensitivity is calculated using
these values. The modulation frequency is 11 Hz. For the V direction modulation, the 3rd and
5th harmonic are also visible on the phase noise PSD and can be used to calculate the acceleration
sensitivity.



Chapter 8

Distributed Acoustic Sensing Using Underwater Fiber Optic Cables

The Earth is covered in an underwater fiber-optic cable network thanks to the telecom in-
dustry (see Fig. . These fibers are used to transmit data all over the world, but they also have
the potential to operate as remote sensors in parts of the ocean that are difficult to access with tra-
ditional measurement devices, such as seismometers. These undersea cables can be used to detect
earthquakes [34], observe whales [98], and detect ships [99]. Monitoring of ocean currents, earth-
quakes, and swells has been demonstrated using both distributed acoustic sensing (DAS) [100, [10T],
state-of-polarization (SOP)[102, 103}, 104], and laser phase interferometry [104] [34].

For laser phase interferometry it is useful have a low noise laser, because the measured signal
includes a noise contribution from the reference laser. However, space in a telecom environment
comes at a premium. Using large cavities in large enclosures would not be feasible. Compact cavities
can offer lower phase noise than unstabilized lasers, and they can be packaged to be compatible
with standard telecom racks. To demonstrate the portability and the utility of our cavity stabilised
systems, we packed and shipped the ULE-ULE cavity to a telecom fiber launch site (see fig. for
photos of the system packaging [27]), and made some measurements of the undersea fiber noise.

In early laser phase interferometry demonstrations, the phase of the fiber was integrated over
the whole cable length [105]. More recently it was shown it is possible to improve the sensitivity
in the submarine cable experiments by taking advantage of the periodic reflections in the telecom
cables [104], which are normally used to check on the health of the optical amplifiers. Separate

phase tracking in each spans allows for:
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Figure 8.1: Map of the underwater telecom fibers from TeleGeography [26].

Figure 8.2: Photographs showing packaging and shipping of the ULE-ULE cavity. The free space
optical components, fiber components, vacuum can and cavity all fit inside of a box that is 15.7 in
x17.7in x14in. This box fits inside of a Pelican shipping case and was mailed to the fiber launch
site. A NEG ion pump combo is used to maintain vacuum. The ion pump was not on durring
the shipping stages. At the launch site, this box and a few additional microwave components are
installed in a standard 18” rack. Further reductions in the volume of the cavity stabilized laser
system will be implemented in future demonstrations.



86

e A lower measurement floor for earthquake detection. The section of the fiber near the shore
has a lot of signal from waves and ships (and sometimes road traffic if a section of the fiber
is on land), which can hide small earthquake signals. The deep ocean fiber is relatively

quiet if treated independently.

e Identification of the approximate location of an earthquake using time of arrival in each

fiber span.

e Less stringent requirements on the reference laser. Because the delay time is shorter is a
signal span than in the whole length of the fiber, there is more common mode rejection of

the reference noise and a noisier reference laser is acceptable.

Given the last point, a commercial laser may be suitable for this technique in many circumstances.
However, there are other cases where a local low noise reference laser may be desirable such as
time-transfer over a fiber. I will show the fiber noise with and without this separate phase tracking
technique. This demonstration shows that our system works in a challenging environment and that

the cavity is truly portable.

8.1 Measurement Setup

The fiber cable in this experiment uses pairs of single-mode fiber for bi-directional trans-
mission. It is transatlantic cable connecting North America with Europe. About 80 repeaters are
required to amplify the signal and the cable is equipped with high loss loop-back configurations in
each repeater, allowing backscattered light from the forward transmission span to be coupled into
the fiber going to the opposite direction.

For a schematic of the parts involved in the measurement, please see Fig. Light from the
cavity stabilized laser is split and half is sent into a single sideband EOM that applies a sawtooth
frequency sweep. Then the light is sent into the fiber in the ocean. At each repeater, a small
fraction of the light is sent back to the launch site in the parallel fiber. This light is then combined

with a portion of the original reference light and detected. Because of the frequency sweep and
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Figure 8.3: Light from the cavity stabilized laser is sent through a single side band EOM which
applies a sawtooth frequency sweep (there are actually two polarization channels each with separate
sawtooth frequency sweeps - these channels can be separated at the end). The fiber is then sent
under the Atlantic ocean. There are periodic erbium-doped fiber amplifiers (EDFA) which are
followed by fiber Bragg gratings which send a small portion of the line monitoring signal backwards
through a separate fiber. This signal is normally used to check the health of the amplifiers, but can
be used for our purposes as the sensing light. Back at the launch site, the return signal is combined
with a portion of the cavity stabilized light before frequency modulation, detected, and digitally
demodulated. For details on the signal acquisition please see Mazur et al. [27]
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the different time delays, each reflection is represented with a separate microwave frequency tone.
These tones are digitally demodulated in using a special FPGA-based processing system that is
real-time capable and allows coherent tracking of the phase and amplitude of each polarization
state of every tone. For the purposes of this chapter, we are interested in the phase changes of each

reflector and we ignore the separate polarization state tracking.

8.2 Fiber Frequency Noise Measurement

The frequency noise measured at the detector, S, ;measured; contains both the acoustic noise
of the fiber, S, fiper, Which is essentially the signal in this experiment, and a contribution of the

laser reference noise, S, y¢f:

Su,measured = Szz,fiber + Su,ref‘ (81)

The reference noise contribution is related to the frequency noise noise of laser, Sy 4ser, the laser
RIN, and the time delay in the fiber [106].

Unfortunately, there is easy no way at the fiber launch site at this time to make a direct
measurement of the laser noise. Space is limited and bringing a separate reference of similar or
lower noise level to compare against would be challenging. The telecom environment is very loud
with many air conditioning systems running at once. It is very possible that the frequency noise
of the cavity stabilized laser that we measured in the lab is lower than the frequency noise of the
cavity stabilized laser in this environment. To get a sense of the improvement that the cavity
stabilized laser might offer, we looked at the frequency noise of each reflector (after the first 10,
which have been removed) shown in Fig. for both a commercially available etalon stabilized
laser and the compact cavity stabilized laser. In this plot, the phase of the previous reflector has
not been subtracted. We are looking at the noise accumulated up to that point for each reflector.
These frequency noise measurements cannot be made simultaneously so the fiber noise contribution
may be different between the commercial system and our compact cavity system measurements.

However, by looking at the frequency noise of the reflected signals, we can draw some conclusions
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about the upper limits of the reference laser noise. It does seem like the measurement may be
reference limited above 100 Hz, where the cavity stabilized laser outperforms the commercially
available system. Note that at the low frequency end, there is little variation between the spans
with either laser. This is because the noise in the first few reflectors is dominating and the further
spans are not contributing much.

Fig. shows the phase in each reflector and the phase difference for each reflector (except
for the first 10 reflectors, which have been removed from the data). By removing the phase of the
previous reflector, we can see what the phase change is within a single span of the fiber instead
of the cumulative noise up to that reflector. The frequency noise of each span (except for the
first 10, which have been removed) after taking this phase difference is shown in Fig. This
is the same data that was used to calculate the frequency noise in Fig. [8.4] but see much greater
sensitivity from 1 Hz-10 Hz for both laser systems. The measurements deeper in the ocean are
now less affected by the acoustic noise in the fiber near the shore, which is typically worse due to
shallower depths and greater sensitivity to ships and waves. This is important when looking for
quieter signals such as small earthquakes deep in the ocean. However, the frequency noise could still
dominated by fiber noise at low frequency offsets, so it is too difficult to say if the cavity stabilized
laser is providing much advantage at frequencies below 100 Hz. Most of the interesting signals when
it comes to waves, ships and earthquakes are below 100 Hz so it is still an open question if the
cavity stabilized provides any enhancement for these measurements. However, from 100 Hz-10 kHz
the measurement appears to be laser noise limited and the cavity stabilized laser is quieter. The
dips in the noise starting around 1 kHz offset are indicative of reference noise limited performance.
These dips occur when the frequency offset is 1/7. They occur because at this frequency, laser
noise becomes strongly correlated and has greater rejection [106].

Although it is an open question as to whether or not the cavity stabilized laser offers much
improvement to this application, we are satisfied that we were able to ship the system and run the
laser remotely. There are other applications, like time transfer using fiber, that may benefit from

having low noise frequency references in similar environments.
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Figure 8.4: Plots of the frequency noise of each reflector. The color indicates the closeness of the
detector with dark navy representing detectors that are close to the fiber launch and light teal
representing detectors that are further away. The right plot shows the measurement made using
a commercial etalon stabilized laser. The left plot shows the fiber noise measurement using our
cavity stabilized laser. These measurements were made at different times, so it is possible that
the fiber noise changed in between these measurements. However, it does look like there may be
some reference-limited noise above 100 Hz. In this region, the cavity stabilized laser looks like it
would be a better choice as a reference laser. Note that at the low frequency end, there is little
variation between the spans with either laser. This is because the noise in the first few reflectors is
dominating and the further spans are not contributing much.
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Figure 8.5: Phase vs time for each reflector. The color indicates the closeness of the detector
with dark navy representing detectors that are close to the fiber launch and light teal representing
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Figure 8.6: A comparison of the noise spectrum measured with a commercial available etalon
stabilized laser vs the compact cavity stabilized laser. Below 100 Hz, no obvious improvement
to the noise can be identified when comparing the two systems. Some bands look quieter, but
hard to make a conclusion knowing that the fiber noise may be different in the two measurements.
From 100 Hz — 10 KHz, we see an improvement in the noise. However, above 1 kHz, both systems
appear to be limited by laser noise, though the cavity stabilized noise level appears lower. The
color indicates the closeness of the detector with dark navy representing detectors that are close to
the fiber launch and light teal representing detectors that are further away.



Chapter 9

Conclusions

The pursuit of portable vacuum-gap reference cavities arises from the need for rigid, compact,
and robust laser frequency stabilization solutions in demanding and unpredictable environments.
Many applications, such as portable optical atomic clocks, earthquake detection using undersea
optical fiber, and low phase noise microwave generation, require the sub-10713 stability available
in the optical domain, but the size, weight, and infrastructure demands of large or cryogenic
cavity systems are incompatible with these applications. To address these challenges, I designed
and developed three compact optical cavities. These designs represent promising steps towards
achieving high stability performance while overcoming the limitations of traditional cavity systems,
thereby opening up new possibilities for practical applications that require precise and portable
laser frequency references.

The first design involves a series of two cavities with 6.3 mm long spacers, specifically tailored
for low phase noise microwave generation. These cavities offer compactness while aiming to maintain
high stability levels. We have demonstrated a compact optical frequency reference cavity design,
with a cavity volume of 5.2 mL, compatible with out-of-the-lab applications which can support
ultralow noise microwave generation through OFD. The design uses a simple cylindrical geometry
for ease of manufacturing and is rigidly held. Using a frequency-locking technique utilizing EOM
feedback with >1 MHz bandwidth, we demonstrated near thermal noise-limited optical phase noise
performance, reaching nearly -110 dBc/Hz at 10 kHz offset. Despite the higher thermal noise

floor resulting from its compact size, this system provides one of the lowest phase noise results
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at 10 kHz offset for any optical reference cavity of which we are aware. For larger offsets, the
noise remains below -100 dBc/Hz. Moreover, the cavity demonstrated near thermal noise limited
fractional frequency stability of 2 x 10714 at 0.1 s. A lower frequency drift rate was achieved with
an all-ULE cavity variation of the design.

Additionally, a low holding force sensitivity of the cavity was measured, demonstrating agree-
ment with simulations. Importantly, the holding force sensitivity showed minimal dependence on
the holding radius. Measurements of the acceleration sensitivity ranged from ~ 6 x 10~%g~1 for
the cavity’s mechanical axis that displays the largest asymmetry to ~ 5 x 107 g~! for the least
sensitive mechanical axis. This low acceleration sensitivity was achieved with a simple holding
geometry and minimal alignment of the cavity into the mount.

Further improvements to the cavity performance are straightforward. The acceleration sensi-
tivity can be reduced by implementing a more symmetric vent hole pattern in the cavity spacer. An
all-ULE version of the 12.7 mm cavity design could combine the low dependence of the holding force
diameter with low frequency drift (at a minimal cost to the low phase noise). With its demonstrated
low noise performance, our cavity design fills an important gap in the performance-size trade space,
enabling compact out-of-the-lab systems with improved phase and frequency stability.

The second design targets a portable Yb lattice clock, featuring an optical cavity with a 25
mm long spacer, with four symmetric vent holes. This cavity has a calculated thermal noise limited

fractional frequency instability of ~ 10715

. The design is highly-symmetric, and the acceleration
sensitivity is better than 2 x 1071 per g along all mechanical axes. Preliminary phase noise
measurements show more than 90 dB suppression of the free running laser noise, and thermal noise
limited performance between 1 and 10 Hz. Preliminary measurement of the ADEV show that the
laser lock is likely suffering from residual amplitude modulation (RAM) noise and drifting due to

temperature. Further efforts are needed to improve the long-term stability of the cavity, but the

remaining challenges are technical and not fundamental.
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9.1 Future Outlook

The field trial of the ULE-ULE cavity at the fiber launch site demonstrates the increasing
portability of compact vacuum gap Fabry-Pérot cavities. The entire system fits into an 18” telecom
rack and can be operated remotely. The laser effectively locked onto the cavity despite significant
environmental acoustic noise.

Cavity mirrors can now be made using lithographic techniques [41] and that these cavities
can even be integrated with waveguide-based lasers [42]. The size, weight, and portability of these
vacuum-gap Fabry-Perot resonators is only improving. Further, a recent vacuum-bonded cavity
demonstration shows potential to eliminate the need for bulky vacuum cans and ion pumps [43].

The ULE-ULE cavity was recently employed for generating low-noise microwaves via two-
point optical frequency division, utilizing self-injection locked integrated lasers and a microcomb
[40]. As these systems continue get smaller and more portable, I expect we will see them integrated

into more applications, especially those that require low phase noise microwaves.
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